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Chapter I Introduction and Strategy 
The main part of this thesis deals with choline carboxylate soaps, in particular with their 
synthesis and analyses of their cytotoxicity and biodegradability as well as of their self-
assembly behavior. In addition, choline alkyl sulfates, recently patented by the 
University of Regensburg,1 will be introduced as new promising biocompatible 
surfactants. Finally, it will be shown that the strategies applied for the development of 
these surfactants can be conferred to the design of novel green ionic liquids, as 
documented by a patent claimed in collaboration with BASF SE.2 
Since this dissertation is concerned with investigations on various fields – ranging from 
the synthesis of surfactants and ionic liquids over the establishment of phase diagrams, 
X-ray scattering experiments, and measurements of biodegradability and cytotoxicity to 
the characterization of ionic liquids in general – each chapter describes a self-contained 
study and is organized according to the following convention: Abstract, Introduction, 
Results and Discussion, Conclusion, Experimental Procedures and Bibliography. 
Individual chapters were thus written to be (part of) a draft for an article (or patent), 
which is either already published or accepted in a scientific journal, or currently 
submitted. A complete list of publications, patents, as well as oral and poster 
presentations at national and international conferences is presented at the end of the 
thesis. 
I.1. Motivation 
First of all, why did we focus our attention on soaps given that they are known already 
for thousands of years? Surfactants are everyday life products. Besides their primary 
application as active compounds in washing and cleaning processes (dish-washing 
agents, washing powders, shampoos, shower gels, etc.), they are further implemented in 
the fields of textiles, pharmaceuticals, food, metal, paper, and others.3 Thus, surfactants 
are fabricated and used on an enormous scale and, therefore, get in a fairly large amount 
into the environment, which renders the aspect of biocompatibility highly relevant. 
Generally, the functionality of surfactants originates from their amphiphilic molecular 
structure, which is characterized by a polar headgroup and a non-polar chain. Among 
the different subclasses of surfactants (anionic, cationic, non-ionic, and zwitter-ionic), 
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the anionic ones are still the most widespread and frequently applied type.3 This is not 
only due to their lower toxic impact compared to cationic amphiphiles,4 but also to their 
high solubilizing power of hydrophobic substances. 
The oldest surfactants known are the classical soaps, the sodium and potassium salts of 
fatty acids.5 For thousands of years, they have been prepared by converting tallow and 
potassium hydroxide.5 Today, such surfactants are produced by neutralizing fatty acids 
gained from coconut oil, palm kernel oil and tallow, with caustic soda, soda ash or 
potash.5 In this regard, important advantages of classical soaps become evident: their 
straightforward synthesis and the fact that they can be derived from natural components. 
The former aspect renders them economically profitable, while the latter implies that 
they are readily biodegradable.4 However, an essential drawback of these soaps and in 
particular the long-chain derivatives is their limited water solubility, which is defined 
for surfactants by the so-called Krafft point.3,6 Generally, the Krafft point (TKr) is 
defined as the temperature at which the solubility of a surfactant equals the critical 
micellization concentration (cmc) and increases sharply.6 
For both, sodium and potassium carboxylates, the maximum alkyl chain length 
applicable under ambient conditions is dodecanoate (C12).7 This is because the Krafft 
point rises systematically with growing alkyl chain length. For instance, TKr is already 
about 45°C for sodium myristate (NaC14) and even about 60°C for sodium palmitate 
(NaC16).7,8 Unfortunately, the longer-chain derivatives are the more desirable 
surfactants since an increase of the chain length is accompanied with an improvement of 
properties like surface activity, solubilizing power or washing ability.9 This 
shortcoming has in part be circumvented in the past decades by modifying the structure 
of the alkyl chain or the headgroup, yielding synthetic surfactants of enhanced 
performance such as linear alkyl benzene sulfonates.5 However, corresponding 
modifications often cause problems in view of biodegradation. 
On that basis, the initial motivation of this work was to create cost-efficient anionic 
surfactants of high water solubility, while ensuring at the same time biocompatibility. 
I.2. How to Decrease a Surfactant’s Krafft Point? 
In general, the Krafft point is determined by the interplay of two competing 
thermodynamic forces, namely by the free energies of the solid crystalline and the 
solubilized state. If the free energy of the crystalline state is high, the solubilized phase, 
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i.e. the micellar solution, will be favored. Accordingly, hindering a regular crystalline 
packing of the surfactant molecules will contribute to a decreased TKr. A low free 
energy of the micellar solution further reduces TKr. This can be achieved, for instance, 
by using salts that exhibit high dissociation. Commonly, the Krafft point is more 
influenced by the energy content of the solid than of the liquid state.3 
A regular crystalline packing of the surfactant molecules can be hindered, amongst 
others, by introducing alkyl chain branching or certain functional groups, or by inserting 
double bonds in the hydrocarbon chain. The former modifications usually give rise to 
depressed biodegradability,4 while the latter render the surfactants sensible to oxidation 
and “rinsing” effects.5 Alternatively, the free energy of the crystal lattice can be altered 
by varying the type of the counterion.9,10 In 2004, Zana and coworkers showed that 
bulky tetraalkylammonium ions such as tetrabutylammonium (TBA) are very efficient 
to increase the water solubility of fatty acid surfactants.11,12 For example, the Krafft 
point of TBAC18 was found to be below 0°C,11 while that of sodium stearate (NaC18) 
is about 70°C.7,8. However, simple tetraalkylammonium ions suffer from their inherent 
toxicity (see Chapter II for details).13-16 This disadvantage can yet be overcome by 
applying the benign choline ion ((2-hydroxyethyl)trimethylammonium). Choline as 
natural metabolite and essential nutrient for mammals is biochemically well 
investigated (see Chapter II),17-19 but has for long been neglected concerning its 
potential as counterion in the design of innovative green materials. 
I.3. Choline Soaps 
The basic idea of using choline as counterion in fatty acid soaps goes back to the 
diploma thesis.20 However, this has only been the starting point for the investigation of 
choline soaps, or in other words, the proof of concept. For surfactants, the purity of a 
compound is of pivotal importance since it can substantially affect the phase behavior. 
Actually, the first major task in the framework of this PhD thesis was to successfully 
prepare dry and neat powders of choline soaps, which proved to be difficult owing to 
their high solubility in most organic solvents (and water) and due to their strong 
hygroscopicity. For achieving reliable physicochemical data, a purified and well-
defined batch of surfactant is especially required in the case of long-chain choline soaps, 
since these are utterly susceptible, for example, to the exact molar ratio of carboxylate 
anions and choline cations. The latter feature was addressed explicitly in an independent 
study (Chapter VI), where the effect of excess choline base was investigated and 
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surprising results – such as the solubilization of butter at room temperature – were 
obtained. 
The synthesis, purification and primary characterization of choline carboxylate soaps 
(ChCm) with alkyl chain lengths ranging from m= 12-18 (see Fig. I.1) are described in 
Chapter II of the thesis.  
 
Fig. I.1 Molecular structure of the studied choline soaps. 
In this context, the cmc values and Krafft points of ChCm surfactants will be presented 
and related to the sodium, potassium and tetramethylammonium homologues. It will be 
shown that the cmc’s of choline soaps are very similar to those of the alkali derivatives, 
indicating that the self-assembly behavior at low surfactant concentrations is not 
noticeably influenced by the nature of the counterion (see below). In turn, the Krafft 
points are found to be significantly lowered as compared to alkali soaps, which is in 
agreement with the common tendency of a decreasing Krafft point with increasing 
counterion size in carboxylate surfactants (reversed trend for alkyl sulfates!). For 
instance, replacing sodium by choline in a palmitate system (m= 16) led to a reduction 
of TKr from 60°C7,8 down to 12°C. Therefore, choline soaps – which consist exclusively 
of compounds occurring in the human metabolism – can be used under ambient 
conditions up to a chain length of m= 16. 
I.4. Biocompatibility 
Although choline is known to be biodegradable and exhibit no intrinsic toxic impact on 
the mammalian metabolism (at least up to concentrations on an order similar to for 
instance sodium chloride),21-23 its use in cosmetic formulations is curtailed by the 
European Cosmetic Directive 76/768/EEC (Annex II/168).24 This restriction is mainly 
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due to the plain classification of choline as quaternary ammonium ion. In order to 
facilitate the use of choline soaps in everyday life products and to validate the a priori 
assumption of their high biocompatibility, the biodegradability of ChCm surfactants and 
their cytotoxicity on two human cell lines (cervix carcinoma cells (HeLa) and 
keratinocytes (SK-Mel-28)) have been examined (Chapter III). Biodegradability tests 
were conducted according to the European standard (CE2004/ 648). HeLa cells were 
selected since they are judged to be a reasonable alternative to the in vivo eye-irritancy 
tests on rabbits (Draize test), while keratinocytes were chosen in order to get first 
information on the skin irritancy power of choline soaps.25,26,27 The sodium and 
potassium homologues were also studied so as to allow for comparing the collected data 
to those of conventional surfactants. Initially, this investigation comprised only the 
even-numbered carboxylates displayed in Fig. 1. However, to gain more profound 
insight to structure-activity relationships (SAR),28 odd-numbered alkyl chains (ranging 
from m= 8-15) were later included in the study. In parallel to the mentioned 
measurements, fluorescence microscopy was conducted on pyrene-substituted soaps to 
follow the uptake of the surfactants in the cells. This comprehensive investigation took 
more than two years to be completed, primarily because the cytotoxicity analyses were 
repeated multiply to confirm the observed uncommon progression of IC50 values (which 
represent the toxicity in a manner similar to LD50 values) with growing alkyl chain 
length. Detailed results and a possible interpretation of the discerned trends are 
presented in Chapter III. One of the most important conclusions is that choline soaps 
were found to be readily biodegradable and, alongside, display IC50 values which more 
or less equal those of the widely applied sodium and potassium soaps. Certainly, further 
tests such as on aquatoxicity are necessary to complete the ensemble of toxicity studies 
required for the admission of new substances to the market. Nevertheless, the gathered 
results clearly support the notion that choline soaps are highly promising candidates for 
green surfactants in various formulations. 
I.5. Aqueous Self-Assembly Behavior 
In a further suite of experiments, the aqueous phase behavior of choline soaps has been 
explored (Chapter IV). To that end, phase diagrams of all compounds shown in Fig. I.1 
were established over a temperature interval of 0-100°C by employing diverse 
techniques like light microscopy and extensive small- and wide-angle X-ray scattering 
(SAXS and WAXS) measurements. A central criterion to attain a reliable picture of the 
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occurrence of distinct phases was to ensure that thermodynamic equilibrium was 
reached. In the present case, this required monitoring of the samples over periods as 
long as two years or even more. Since this section of the work involves various aspects 
and highlights many details, only a brief outline of the most important concepts and 
arguments shall be given here.  
The different states of self-organization and structural motifs adopted by choline soaps 
in water as a function of concentration are depicted in Fig. I.2. 
 
Fig. I.2 Scheme illustrating the self-assembly behavior of choline soaps in water upon 
increasing the surfactant concentration. At very low concentrations, only monomers are present. 
Once the cmc is reached, spherical micelles are formed. Their number increases with the 
surfactant concentration in the following, whereas their size and shape are not affected (i.e. 
there is no sphere-to-rod transition). The first liquid-crystalline phase observed at a volume 
fraction of 25-30% is featured by a discontinuous cubic lattice (I1). When further raising the 
surfactant content, successive transitions into a hexagonal (H1), a bicontinuous cubic (V1) and 
eventually a lamellar phase (Lα) occur. 
At very low surfactant content, the soap molecules exist isolated from one another in the 
solution or, respectively, prevail at the water-air interface. Starting from a certain 
concentration (≈ 10-2 - 10-3 mol L-1) – the critical micellization concentration (cmc) – 
their amphiphilic character causes the soap molecules to self-assemble in aqueous 
media to form globular micelles, in which the hydrophobic hydrocarbon tails are 
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imbedded in the interior of the aggregates in order to minimize contact with water. Any 
further increase of the ChCm concentration initially results only in an increment of the 
number of micelles, whereas their size and shape remain virtually unaltered.20 
At a distinct level of surfactant content (here 25-30 wt%), the volume fraction of 
micelles in the system and the interactions between them become large enough to force 
the micelles to arrange themselves in quasi-crystalline lattices and thus build so-called 
“liquid-crystalline” phases. Due to the spherical shape of the micelles of choline soaps 
in dilute solution, the first liquid-crystalline phase formed by the surfactants exhibits a 
discontinuous cubic structure (I1) which, can have different crystallographic parameters 
and hence belong to distinct space groups. When the surfactant content is further 
increased, structural re-ordering occurs and the following sequence of mesophases is 
observed towards higher concentrations: hexagonal (H1), bicontinuous cubic (V1) and 
lamellar (Lα). This general picture holds for all alkyl chain lengths investigated in 
ChCm surfactants. 
In this regard, the basic phase behavior of choline soaps is thus similar to what has been 
reported for alkali soaps or anionic surfactants in general,29, 30 with, however, some 
important differences: 
(1) All other mono-anionic surfactants undergo a sphere-to-rod transition in the 
micellar solution.31-36 Consequently, the first liquid-crystalline phase to be 
formed is usually H1. By contrast, choline soaps prefer a cubic I1 lattice as initial 
liquid-crystalline phase at comparably low concentrations. 
(2) ChCm surfactants exhibit a single cubic V1 phase up to m= 18. As opposed to 
that, V1 is absent in the phase sequence displayed by sodium carboxylates at m≥ 
12 and potassium soaps at m≥ 14.37 
(3) The Lα phase region of ChCm surfactants is considerably smaller than what has 
been found for the alkali homologues.7,8,29 
(4) The Krafft boundary of choline soaps is shifted markedly to lower temperatures 
compared to the alkali counterparts.7,8,38 For instance, ChC12 shows no Krafft 
phenomenon down to 0°C for surfactant contents up to 93 wt% in water. By 
contrast, the Krafft point of a 90 wt% NaC12 solution is 127°C (or 195°C for 
KC12).37 
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The first three points mentioned above can be interpreted by the notion that choline as 
counterion in fatty acid soaps promotes phases of higher curvatures as compared to 
simple alkali cations. In order to understand the reason underlying this behavior, the 
concept of packing constraints must be considered,39,40 for which Israelachvilli and 
coworkers provided a thermodynamic description.30,39-41 This model relates the shape of 
a surfactant molecule to that of the resulting micelles. Thereby, the geometry of a 
micelle is thought to be determined by the critical surfactant parameter NS, which is 
defined according to:39, 40 
               
0
s
vN a l=  (I.1)
where v represents the volume of the hydrophobic part of the surfactant molecule, l the 
length of the hydrocarbon chain, and ao the effective area per headgroup (see Fig. I.3). 
At optimum molecular packing, NS takes a values of 0.33 for spherical and 0.5 for 
cylindrical micelles.6  
 
Fig. I.3 The effect of counterion size and dissociation on the curvature of surfactant aggregates, 
exemplified for the choline (left) and sodium (right) salts of dodecanoic acid. The bulkiness of 
the choline cation and its high degree of dissociation cause an increase in the headgroup area a0 
relative to sodium and thus a decrease of the packing parameter NS, since the length and volume 
of the hydrophobic part are the same in both cases. As a consequence, aggregates of higher 
curvature are promoted when choline is used as counterion (i.e. spherical micelles are for 
example favored over rod-like ones). 
Thus, a large headgroup area provokes aggregates of high curvature. The value of ao 
depends on the size of the headgroups and the electrostatic interactions between them. 
The latter forces are influenced considerably by the kind of the counterion. For instance, 
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counterions that are widely dissociated will contribute to high a0 values. It is well-
known that the degree of association between alkali cations and carboxylic headgroups 
decreases with increasing size of the counterion (Li+ > Na+ > K+ > Rb+ > Cs+).11,42,57,58 
In view of its bulkiness, the choline cation can be considered to continue the reported 
trend for the alkali ions. Hence, choline soaps are featured by a large area per headgroup 
a0, which induces aggregates of high curvature as illustrated in Fig. I.3. In this regard, 
liquid-crystalline structures and micellar shapes can in general provide direct 
information on specific ion effects or, vice versa, the mesophase behavior can be tuned 
by an adequate choice of the counterion.43  
The above-described considerations also allow for explaining point (4) in the list of 
differences: the bulky and highly dissociated choline ion effectively impedes a regular 
crystalline packing of the choline soap molecules and, in doing so, favors the 
solubilized state and reduces the Krafft boundary to a substantial extent. 
I.6. Temperature-Dependent Self-Assembly Behavior 
of Neat Choline Soaps 
Apart from the concentration-dependent occurrence of different mesophases, also the 
thermotropic (temperature-dependent) phase behavior of neat choline soaps has been 
studied in the scope of this work (Chapter V). For this purpose, the surfactants were 
investigated over a temperature range of -20°C to 100°C by means of polarizing optical 
microscopy, differential scanning calorimetry (DSC), NMR relaxation experiments, as 
well as SAXS and WAXS measurements. Usually, surfactants are featured by a rich and 
complex thermotropic phase behavior.44-46 For instance, sodium soaps exhibit at least 
five liquid-crystalline allotropic phases at temperatures between 100°C and 320°C.47-49 
Given thar choline soaps show various lyotropic (solvent-induced) liquid-crystalline 
phases, it seems reasonable to expect that they also exhibit thermotropic 
mesomorphism. Beyond that, regarding the lowering of a salt’s melting point, 
analogous considerations can be put forward as for the reduction of a surfactant’s Krafft 
point (i.e. the hindering of crystalline packing). Coherently, in a very recent study, 
Petkovic et al. found that short- to middle-chain choline carboxylates (m= 2-10) are 
liquid at temperatures below 100°C.23  
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For the longer-chain derivatives investigated in this work, the experiments outlined in 
Chapter V show that all choline soaps pass through three different phases in the 
examined temperature interval. First, at 35-48°C, the crystalline salts are converted into 
a semi-crystalline lamellar phase before transforming, at temperatures of 68-93°C, into 
a lamellar liquid-crystalline phase (Lα). Thus, also long-chain ChCm salts – i.e. choline 
soaps – have to be considered as ionic liquids and evidently combine low melting points 
with surfactant properties. 
I.7. Specific Ion Effects and their Consequences 
As discussed above, counterion-to-headgroup association plays a key role in the phase 
behavior of surfactants and therefore also in the determination of Krafft and melting 
points for the surfactants. This feature will be addressed in detail in Chapter VI of this 
dissertation where, among others, results of investigations on the influence of different 
chloride salts and of excess choline base on the Krafft temperature of ChC18 solutions 
are presented. In order to render the drawn conclusion comprehensible, it is necessary to 
briefly summarize certain fundamental aspects of the very broad field of “salt effects”. 
Already in the 1880s, Franz Hofmeister and his coworkers published a series of papers  
entitled “About the science of the effect of salts”.50-52 These were among the first 
studies on the ability of salts to stabilize or destabilize protein solutions (in this case hen 
egg-white albumin). Based on these experiments, Hofmeister introduced an empirical 
ordering of salts according to their “salting-in” or “salting-out” impact on proteins. 
Many years later, this classification has been refined and conveyed to individual ions 
rather than salts, leading to what is today known as the “Hofmeister series” (see Fig. 
I.4).53 Impressively, the Hofmeister series holds for many salt-induced phenomena 
beyond the behavior of aqueous protein solutions, and is moreover widely applied in 
areas as diverse as the interpretation of biological scenarios and structures, process 
optimization in chemical industry, or drug design in pharmaceutical industry.54 
Several attempts were made to understand the reasons behind such salt effects and to 
predict the behavior of ions in solution. Nowadays, it is fairly well accepted that the 
initial paradigm of a salt either “making” or “breaking” the bulk water structure is not 
valid.42,55 Instead of long-range electrostatic fields, rather short-range ion-ion 
interactions appear to be the dominant forces.56 Accordingly, simple monovalent ions 
only change the hydrogen bond network of water in their direct vicinity (up to 5 Ǻ or 
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over a length of ~2 H2O molecules) and do not affect the bulk of the solution.56 In the 
past years, the number of studies devoted to specific ion effects has escalated and 
thousands of papers exist in the meantime. Recently, the latest approaches and most 
important results have been reviewed,53 but a complete overall picture explaining all of 
the observed phenomena is still missing. 
 
Fig. I.4 The Hofmeister series – a classification of anions and cations according to their 
capability of influencing the surface tension of water, solubilizing hydrocarbons and stabilizing 
protein solutions (drawing based on ref 42). 
One of the milestones towards a rationalization of specific ion effects was the 
development of Collins’ “law of matching water affinities”.54,57,58 This concept provides 
a useful rule of thumb and applies for many simple systems , often enabling a prediction 
of their macroscopic properties. Essentially, it assumes that the association of ions or 
the formation of ion pairs is controlled by hydration-dehydration processes. Basically, 
ions are divided into two classes with regard to their size compared to the “medium-
sized” water molecule (see left-hand panel in Fig. I.5). This ion size-based 
discrimination relies on the consideration of a simple ion as a hard sphere having a point 
charge in its center. The larger an ion is, the further away are the surrounding water 
molecules from the charge. Thus, the hydration water of large ions is expected to be 
bound only loosely. At a certain distance between the water molecules and the charge, 
the H2O…H2O interaction becomes stronger than the ion…H2O interaction. In this 
manner, the size of an ion represents a simple means to estimate its “water affinity”. 
Accordingly, small ions with high charge density, such as Li+ or F-, termed 
“kosmotropes”, are envisaged to be featured by a strong degree of hydration. In turn, 
large ions with low charge density, such as Cs+ or I-, are weakly hydrated and referred 
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to as “chaotropes”. In the scope of his model, Collins argues that if congeneric ions are 
matched in solution (i.e. small + small or big + big), the hydration shells of the ions will 
break down and an inner-sphere ion pair will be formed (see right-hand panel in Fig. 
I.5).57 In the case of two small “kosmotropic” ions, the point charges can approach each 
other closer than the distance between the charge of one of the ions and the oppositely 
charged part of a hydrating, medium-sized water molecule. In case of two “chaotropic” 
ions, the surrounding water molecules will prefer to be bound to one another, as they 
can come closer together than the point charge of a large ion and the charged part of 
medium-sized water. If, on the other hand, ions of considerably different sizes and 
hence distinct water affinities are combined, the hydration shell will persist and the salt 
will dissociate extensively upon dilution, facilitating its solubility. This behavior may be 
summarized under the label “like seeks like”. 
 
Fig. I.5 Schematic representation of Collins’ law of matching water affinities (drawing based on 
ref 57). Ions are classified concerning their size with respect to to the “medium-sized” water 
molecule as small “hard” ions of high charge density (kosmotropes) and big “soft” ions of low 
charge density (chaotropes). Collins’ model states that matching of congeneric ions results in 
the formation of, an inner-sphere ion pair, whereas the combination of ”unlike” ions will lead to 
enhanced dissociation as each ion prefers to keep its hydration shell.54 
Collins’ concept can be applied likewise for surfactants (see Fig. I.6),59 and in particular 
also for the soaps studied in this work. Thereby, sodium has to be considered as small 
hard ion (kosmotrope) and choline as big soft ion (chaotrope). Carboxylate headgroups 
have been shown to belong to the class of hard anions while alkylsulfates, for instance, 
are judged to be soft anions.59 Thus, when combining alkyl carboxylates with sodium, 
ion-ion association is expected to be strongly pronounced. In turn, choline should be 
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bound only weakly to the fatty acid anion – in line with the argumentation put forward 
when outlining the role of choline in lowering the Krafft point and promoting surfactant 
aggregates of high curvature. 
 
Fig. I.6 “Like seeks like” for surfactant systems: small “hard” cations preferably interact with 
congeneric “hard” surfactant headgroups, and vice versa. Combing hard and soft ions will in 
turn yield surfactants of high counterion dissociation.59 
Another immediate consequence of the above methodology is that adding sodium 
chloride to a solution of choline soaps should lead to a replacement of choline by 
sodium as counterion of the surfactant. This assumption is verified by the data compiled 
in Chapter VI of this thesis. In fact, the presence of NaCl in a 1:1 molar ratio with the 
choline surfactants is shown to increase the Krafft temperature to levels approaching the 
value of the pure sodium soaps. This inherent dissociation of choline fatty acid salts 
certainly contributes to their superior water solubility, but likewise and evidently 
renders them very sensitive to the addition of alkali (or alkaline-earth) salts. Another 
advantage of high dissociation will be illustrated in the neutralization curves of the fatty 
acids. Usually, an excess of for instance sodium hydroxide results in an increase of the 
Krafft temperature and a gelling of the solution. By contrast, addition of excess choline 
base was found to be a powerful means to further lower the Krafft point. Following this 
strategy, even stearate surfactants could be dissolved at room temperature or below, 
depending on the extra-amount of choline hydroxide applied. This feature is illustrated 
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by another simple experiment in Chapter VI, in which conventional butter was 
solubilized by choline base under ambient conditions. Thereby, the ester bridges of the 
triglycerides in butter are first split by alkaline hydrolysis to release fatty acids, which 
instantly become water-soluble by the action of choline as a counterion. The generated 
surfactants finally solubilize other hydrophobic ingredients of the butter, such as 
cholesterol or vitamin E. 
I.8. Choline Alkyl Sulfates 
The fact that ChCm surfactants are intimately sensitive to the addition of simple salts is 
a serious drawback in view of their applicability in formulation products. Another 
shortcoming arises from the weak acidity of the fatty acid anion which causes a 
relatively high pH of the surfactant solutions (pH= 10-11). Considering the natural pH 
of human skin (pH≈ 5.5), fatty acid soaps are in general likely to possess undesired skin 
irritancy potential. 
The problem of alkaline pH can be overcome by using a more acidic headgroup such as 
sulfate. Moreover, with regard to the concept of Collins, the degree of counterion 
binding to a “soft” alkyl sulfate headgroup should increase according to Li+ < Na+ < K+ 
< Rb+ < Cs+. This notion has been confirmed for example by small-angle neutron 
scattering measurements (SANS),60,61 and is reflected also in the reported trends of 
corresponding Krafft points.62 Thus, the soft choline cation is supposed to interact 
strongly with alkyl sulfate anions, and choline alkyl sulfate surfactants should be 
distinctly less salt sensitive than their carboxylate counterparts – but what about the 
Krafft temperature? 
Choline dodecyl sulfate (ChDS) has been successfully synthesized in this work and 
characterized concerning its physicochemical properties and cytotoxicity issues, as 
described in Chapter VII of the thesis. It will be demonstrated that the cmc of ChDS is 
on the order of 10-3 mol L-1, but yet slightly lower than that of sodium dodecyl sulfate 
(SDS), thus indicating increased counterion condensation.63 Nevertheless, the Krafft 
point of ChDS is about 0°C and hence falls below those of SDS (~14°C) and potassium 
dodecyl sulfate (KDS, ~37°C).64 This finding is discussed with respect to the effect of 
the bulky choline ion on the regular crystalline packing of the surfactant molecules. In 
addition, a preliminary binary aqueous phase diagram has been established for ChDS, 
revealing that the Krafft boundary remains constant at around 0°C up to ~65 wt% 
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surfactant in water and that the first liquid-crystalline phase observed is H1. As 
illustrated in Fig. I.3, the latter feature implies that the effective headgroup area of 
ChDS is smaller than that of ChC12, again pointing to enhanced counterion-headgroup 
association in ChDS. Eventually, cytotoxicity analyses, using HeLa and SK-Mel 28 
cells, evidence that ChDS is similarly harmless as SDS – which is one of the most 
intensively studied surfactants and present in various household products. Hence, the 
introduced choline alkyl sulfates depict a new type of biocompatible anionic surfactants 
with beneficial properties such as high water solubility or reduced salt sensitivity. 
I.9. Oligoether Carboxylates – Task-Specific Room-
Temperature Ionic Liquids 
Ionic liquids (ILs) are defined as salts with melting points below 100°C. They have 
attracted much interest in the past two decades as potential alternative reaction media to 
common organic solvents. While the latter are typically volatile, ILs possess – due to 
their salt character – an almost non-detectable vapor pressure and are rarely explosive or 
flammable. However, recent toxicological studies have elucidated that these 
characteristics do not allow per se a classification of ionic liquids as “green”. Common 
imidazolium salts with longer alkyl chains were factually confirmed to be toxic.65-67 
Previous work on ILs has mainly focused on large, preferably non-symmetrical cations 
of delocalized charged distribution and high conformational flexibility such as 
imidazolium, pyridinium, or pyrolidinium.68 Frequently chosen anions include 
hexafluorophosphate (PF6-), tetrafluoroborate (BF4-) or triflate (SO3CF3-).69 In turn, the 
possibility of using small cations and large anions for the design of ionic liquids has 
hardly been considered to date. 
The experiments presented in Chapter V of this dissertation show that choline soaps 
with alkyl chain lengths of m= 12-18 melt below 100°C into a lamellar liquid-crystalline 
phase. There, the hydrocarbon chains exist indeed in a liquid-like state, but the soap 
molecules are still oriented in bilayers. To further reduce the melting point and prepare 
true ionic liquids, the methylene groups of the alkyl chain were substituted by ethylene 
oxide (EO) units, which ought to substantially promote chain flexibility. For this 
purpose, 2,5,8,11-tetraoxatridecan-13-oate (TOTO) was chosen as anion (see Fig. I.7), 
as it has proven to form room-temperature ionic liquids (RTILs) even with small cations 
such as lithium and sodium.70 
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Fig. I.7 2,5,8,11-Tetraoxatridecan-13-oate – the TOTO anion. 
Though representing a novel class of ionic liquids, these alkali TOTO ILs are restricted 
in their potential as solvents in practical applications due to their enormous viscosity 
(η25°C (Na-TOTO) = 164 000 mPas ↔ η25°C (H2O) = 1 mPas!) and their relatively low 
conductivity (κ25°C (Na-TOTO) = 0.5 µS cm-1).70 Dielectric relaxation measurements 
and solvent polarity investigations revealed that neat Na-TOTO adopts a cross-linked 
structure with strong COO-…Na+ interactions.71 When assuming that strong ion 
association is responsible for the high viscosity and the low conductivity, these 
problems might be solved by applying cations that will interact only weakly with the 
oligoether carboxylate anion. With regard to Figs. I.4-I.6. and the predictions made by 
theories on specific ion effects, quaternary ammonium ions are obvious candidates for 
this task. 
Therefore, TOTO salts of tetraalkylammonium (TAA) cations as well as of choline (Ch) 
have been synthesized and investigated in the framework of this thesis. In Chapter VIII, 
it will be demonstrated that the obtained salts are all liquid at room-temperature and 
undergo glass transitions at around -60°C. As compared to the sodium salt of TOTO, 
viscosities were found to be drastically decreased and conductivities enhanced by orders 
of magnitude. To assess ion interactions in the as-prepared ILs, solvent polarities will be 
evaluated based on the determination of ETN-values72 and Kamlet-Taft parameters at 
different temperatures. Corresponding results suggest that TAA-TOTO ILs are dipolar 
aprotic solvents, whereas Ch-TOTO can be considered as dipolar protic solvent – yet all 
being more polar than Na-TOTO. The collected data indicate that the strong interactions 
between “hard” alkali ions and the “hard” COO- group are weakened considerably when 
using “soft” quaternary ammonium species as cations. This allows for tuning the 
physicochemical properties of oligoether carboxylates simply by applying different 
commercially available cations. 
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Chapter II Choline Carboxylate Surfactants: 
Biocompatible and Highly Soluble in Water 
 
 
 
 
 
 
With choline as a beneficial counterion of biological origin, long-chain carboxylates 
become water-soluble at room temperature. 
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II.1. Introduction 
Soaps are known for over 2000 years. The oldest and most common surfactants are 
sodium or potassium carboxylates due to their simple preparation by neutralization of 
the fatty acids with the respective hydroxides.1 None the less, these surfactants are 
restricted in their applicability by their limited solubility in water. The criterion for a 
surfactant’s solubility is its Krafft point or Krafft temperature. It is the temperature at 
which the solubility of a surfactant equals the critical micellization concentration (cmc) 
and raises sharply.2 Furthermore, it is commonly accepted to define the Krafft point of 
an ionic amphiphile as the clearing temperature of a 1 wt% surfactant solution, since the 
cmc is generally far below 1 wt%.2  
While the Krafft point is still about 25°C in the case of sodium laurate (NaC12), it is 
already about 45°C for sodium myristate (NaC14) or even about 60°C for sodium 
palmitate (NaC16).3-5 In the same manner as the Krafft point rises systematically with 
growing length of the hydrophobic chain, the surface activity of an amphiphile, its 
washing ability and its solubilising power increase.6 Already in 1972, Shinoda et al. 
pointed out that the type of the counterion markedly affects the Krafft point of a 
surfactant.7 Accordingly, Yu et al. found in 1990 that a substitution of sodium in alkyl 
sulfates by tetrabutylammonium (TBA) considerably reduces the Krafft point, e.g. from 
50°C to below 23°C in the case of octadecyl sulfate.8 Furthermore, Jansson et al. 
showed that replacing sodium in NaC12 by tetraalkylammonium (TAA) ions can lower 
the Krafft temperature (TKr) under 0°C.9 This general behavior was confirmed by Zana 
et al., who found, for example, that TBA stearate (C18) is soluble down to 0°C, while 
sodium stearate (NaC18) has a Krafft point of 71°C.5,10 
Obviously, substitution of the alkali counterions in soaps by quaternary ammonium ions 
results in a significantly increased solubility. However, this substitution simultaneously 
renders the systems toxicologically questionable, since simple TAA ions are potentially 
harmful. For instance, TAA cations act as phase transfer catalysts and as such they can 
transport ions across biological membranes.11,12 Additionally, they can block cellular 
ion channels even at very low concentrations (500µM of TBA induce a blocking of the 
cardiac sodium channel), whereby the blocking efficiency increases with the length of 
the alkyl side chains.13-16 
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A way to benefit from the tendency of quaternary ammonium ions as counterions to 
reduce the Krafft points of soaps and to avoid their toxicological influence at the same 
time is to use a quaternary ammonium ion of biological origin, such as choline. Choline 
chemically refers to the cation (2-hydroxyethyl)trimethylammonium (see Fig. II.1). 
 
Fig. II.1 Molecular structure of the choline cation. 
Choline, formerly known as vitamin B4, is present in most foods.17,18 In 1998, it was 
classified as an essential nutrient for humans.19 Choline is essential for several 
biological functions of the human body. For instance, it serves as a precursor for 
phospholipids, the constituents of biological membranes.17 Furthermore, it is a precursor 
for the neurotransmitter acetylcholine.20 Moreover, its derivative betaine provides a 
source of methyl groups for protein synthesis and transmethylation reactions.21  
Apparently, the hydroxy group of choline ensures, in contrast to the simple TAA ions, 
the physiological degradability. Accordingly it was found for example that for rat 
glioma cells choline chloride is the least toxic amine, 5.5 times less toxic than 
tetramethylammonium (TMA) chloride and even more than 500 hundred times less 
toxic than TBA chloride.22 Due to the hydroxy group, choline can for instance be 
esterified to give acetylcholine and phospatidylcholine. Furthermore, choline can also 
be environmentally decomposed by microorganisms.23 
Choline carboxylates have already been described in the literature as ingredients of 
certain formulations, comprising for example cosmetic products or cryoprotectant 
agents for plants.24,25 However, there is no physicochemical characterization of these 
species published to date. In this chapter, the Krafft points and the critical micellar 
concentrations of choline salts of fatty acids, ranging from dodecanoic acid (C12) to 
octadecanoic acid (C18), are presented. Furthermore, the obtained values are related to 
the cmc’s and Krafft points of the corresponding sodium, potassium and TMA 
carboxylates. The whole phase diagrams of these choline surfactants, established by 
various methods, will be outlined in Chapters IV and V. 
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II.2. Results and Discussion 
II.2.1. Critical Micellization Concentration (cmc) 
In Table II.1, the values of the cmc’s for the investigated choline surfactants are 
compared with those of the related sodium and potassium carboxylates. Apparently, the 
cmc’s of choline carboxylates are in the same order of magnitude as those of the alkali 
soaps. Moreover, the cmc of ChC12 coincides nearly exactly with that of TMAC12 
(cmc = 25 mM)9, indicating that the hydroxy group of choline does not influence 
noticeably the micelle formation. 
Table II.1 Comparison of the cmc’s [mM] of choline, sodium and potassium 
 carboxylates at 25°C. 
 Choline Sodium Potassium 
C12 25.5 24.426 25.527 
C14 6.4 6.926 6.627 
C16 1.8   
Furthermore, the cmc of ChCm salts decreases linearly by a factor of 4 per addition of 
two CH2 groups. This feature, typical for ionic amphiphiles, can be illustrated by 
Equation (II.1), where the logarithm of the cmc is a linear function of the alkyl chain 
length nC.28 
           log cmc = A nC + B (II.1)
For mono-ionic surfactants, the constant A typically adopts the value 0.329, which is in 
good agreement with that found for the investigated surfactants (0.29). The parameter B 
(1.9) is a constant for a particular ionic head at a given temperature and corresponds 
well to that found in the literature for potassium carboxylates (1.9).29 
From the values of the cmc’s, it can be deduced that choline carboxylates at low 
concentrations generally act in the same manner as the alkali carboxylates in aqueous 
solutions. Since, for instance, the sodium salts are completely dissociated in dilute 
solution26, the choline salts can also be assumed to reveal no association of the 
carboxylic headgroup with the counterion choline. In contrast, the TAA salts of sulfates 
Choline Carboxylate Surfactants: Biocompatible and Highly Soluble in Water 
25 
exhibit a pre-cmc ion-pairing.30 Accordingly, the cmc values of TAA sulfates (e.g. cmc 
(TMA dodecyl sulfate) = 5.53 mM) are reduced in comparison to the corresponding 
alkali sulfates (e.g. cmc (Na dodecyl sulfate) = 8.32 mM).30 
Nonetheless, the most outstanding property of these choline salts is the fact that they are 
capable of forming micelles at room temperature even with palmitic acid (C16) – in 
contrast to the homologous alkali soaps, which are restricted in their solubility. As a 
consequence of the potential use of longer-chain surfactants, a relatively high surface 
tension reduction down to about 25 mN m-1 for ChC16 can be obtained.31 
II.2.2. Krafft Point 
The Krafft point of a surfactant is the result of the interplay between two competing 
thermodynamic forces. One is the free energy of the solid crystalline state and the other 
is the free energy of the micellar solution. A strong head group interaction and a good 
packing in a crystal lattice contribute to the crystal’s stability, which is associated with a 
low free energy. Consequently, the Krafft point is elevated. In turn, a low free energy of 
the micellar solution, promoted by e.g. the hydrophilicity of a compound, favours the 
solubilised state. However, the energetic state of the micellar solution varies only 
slightly when changing for instance the counterion, whereas the free energy of the 
crystalline state may change considerably from system to system.32 Hence, the latter 
contribution can be considered as the main driving force in determining the 
solubilisation temperature. 
In Fig. II.2, the Krafft temperatures for ChCm, TMACm, KCm and NaCm with m = 12-
18 are shown. The values, which we determined for the potassium carboxylates are 
generally in good agreement with those found by McBain et al.33 and are in all cases 14-
15°C lower than those of the corresponding sodium salts. Concerning the TMA 
carboxylates, only one value of TKr has been reported so far to our knowledge, namely 
for TMAC12 (< 0°C) by Jansson et al.9 For the other TMA carboxylates we found the 
same Krafft temperatures as for the choline carboxylates within the experimental error 
of about 1-2°C. Nevertheless, as can be seen from Fig. II.2, the Krafft points of ChCm 
are substantially lower than those of the corresponding alkali salts. For example, TKr of 
ChC18 takes the value of 40°C, while TKr of NaC18 is 71°C4 and 57°C for KC18. For 
palmitic acid, a reduction from 60°C in the case of sodium and from 46°C in the case of 
potassium down to 12°C can be obtained via replacing the alkali ions by choline.5  
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Furthermore, the Krafft temperature of NaC14 and KC14 can be dropped from 45°C 
and 30°C, respectively, to 0-1°C with choline as counterion.5 ChC12 is even soluble far 
below 0°C (TKr (NaC12) = 25°C, TKr (K12) = 10°C).4 
 
Fig. II.2 Comparison of the Krafft temperatures TKr (°C) of (■) ChCm, (□) TMACm,, (▲) KCm 
and (●) NaCm surfactants with increasing number of carbon atoms m (values of NaCm with m = 
12 taken from [3], with m = 14, 16, 18 from [4]). 
Obviously, the Krafft points of carboxylate surfactants decrease with increasing size of 
the counterion. This fact has already been reported for the homologous series of the 
alkali ions and can be continued by the implementation of TAA ions.33 As pointed out 
above, the micellar state of the ChCm surfactants does not differ a lot from the NaCm 
and KCm soaps. Thus, the reason for the pronounced TKr reduction of choline 
carboxylates with respect to the alkali soaps must be a high free energy of the 
crystalline state of ChCm. Taking into account the almost equal TKr values of ChCm and 
TMACm, the alcohol group of choline seems to have no noticeable influence, similar as 
observed for the micellization process. Very probably, it is mainly the size of the bulky 
quaternary ammonium headgroup of choline, which hinders the regular packing in a 
crystal lattice, rendering the solid crystalline state energetically less favourable. 
Consequently, the Krafft point decreases. 
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II.3. Conclusion 
Choline carboxylate surfactants have been found to combine the characteristics of 
common alkali carboxylates in the low concentration regime with a substantially 
increased water solubility. Accordingly, ChCm surfactants can be used at ambient 
temperature up to m = 16. Additionally, the investigated choline salts are featured by a 
straightforward synthesis with no or few heat requirement. Moreover, choline can be 
decomposed both in the environment and in the human body. Consequently, choline 
soaps, consisting exclusively of biogenic material occuring in the human body, are 
physiologically and environmentally harmless und as such convenient for e.g. drug 
delivery systems. 
II.4. Experimental 
II.4.1. Soap Synthesis 
Dodecanoic acid (Merck, p.a.), tetradecanoic acid (Sigma, puriss.), hexadecanoic acid 
(Sigma, ≥ 99%) and octadecanoic acid (Fluka, puriss.) were used as received. Choline 
base (ChOH) was purchased from Fluka as methanolic solution (45 wt%, purum). Soaps 
were prepared by neutralization of the fatty acids with choline hydroxide in ethanol 
(Baker, p.a.). The resulting choline surfactants (ChCm, with m = 12, 14, 16, 18) were 
recrystallized twice from a 1:100 mixture of ethanol and diethylether (Acros Organics, 
p.a.). Drying for a minimum of two days yielded the choline carboxylates as shiny, 
white powders.  
All choline salts were found to be highly hygroscopic. Therefore, surfactant solutions 
were prepared by weighing the appropriate amount of choline carboxylate in nitrogen 
atmosphere and adding Millipore water afterwards. After 12 hours of stirring at 25°C, 
the samples were flame-sealed for subsequent temperature studies. 
The potassium and tetramethylammonium (TMA) carboxylate solutions, KCm and 
TMACm with m = 12 – 18, were synthesized correspondingly by direct equimolar 
neutralization of the fatty acids with 1 N titer potassium hydroxide solution and 10 wt% 
tetramethylammonium hydroxide solution, respectively, both received from Merck. 
Samples were afterwards treated for the subsequent temperature analysis as described 
for the choline soaps. 
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All choline salts were analyzed using 1H NMR (CDCl3), 13C NMR (CDCl3) and ES-MS 
(electro-spray mass spectroscopy) (H2O/AcN): 
ChC12: 
δH (300 MHz; CDCl3) 0.85 (3 H, t, J1,2 = 6.31 Hz, J2,3 = 7.14 Hz, Me), 1.22 (16 H, s, 
CH2), 1.55 (2 H, quintet, J1,2 = 7.41 Hz, J2,3 = 7.14 Hz, CH2), 2.1 (2 H, t, J1,2 = 7.68 Hz, 
J2,3 = 7.96 Hz, CH2), 3.34 (9 H, m, NMe3), 3.7 (2 H, m, NCH2), 4.08 (2 H, s, CH2OH). 
δC (300 MHz; CDCl3) 14.12, 22.68, 27.17, 29.36 -30.05, 31.91, 39.22, 54.63, 55.99, 
68.64, 180.31. 
m/z 104 (M+, 100%), 148 (10), 207 (2M+ - H+, 25), 199 (M-, 100), 502.5 (2M- + M+, 
17). 
ChC14:  
δH (300 MHz; CDCl3) 0.86 (3 H, t, J1,2 = 6.31 Hz, J2,3 = 7.14 Hz, Me), 1.22 (20 H, s, 
CH2), 1.56 (2 H, quintet, J1,2 = 7.41 Hz, J2,3 = 7.41 Hz, CH2), 2.1 (2 H, t, J1,2 = 7.41 Hz, 
J2,3 = 7.96 Hz, CH2), 3.35 (9 H, m, NMe3), 3.7 (2 H, m, NCH2), 4.09 (2 H, s, CH2OH). 
δC (300 MHz; CDCl3) 14.12, 22.69, 27.18, 29.36 – 30.06, 31.92, 39.23, 54.66, 55.99, 
68.66, 180.36. 
m/z 104 (M+, 100%), 148 (17), 227 (M-, 100), 558.6 (2M- + M+, 3%). 
ChC16:  
δH (300 MHz; CDCl3) 0.86 (3 H, t, J1,2 = 6.31 Hz, J2,3 = 7.14 Hz, Me), 1.22 (24 H, s, 
CH2), 1.54 (2 H, quintet, J1,2 = 7.41 Hz, J2,3 = 7.14 Hz, CH2), 2.1 (2 H, t, J1,2 = 7.68 Hz, 
J2,3 = 7.96 Hz, CH2), 3.35 (9 H, m, NMe3), 3.7 (2 H, m, NCH2), 4.11 (2 H, s, CH2OH). 
δC (300 MHz; CDCl3) 14.13, 22.69, 27.16, 29.36 – 30.05, 31.93, 39.18, 54.70, 56.04, 
68.72, 180.38. 
m/z 104 (M+, 100%), 148 (43), 255 (M-, 100), 512 (2M- + H+, 82), 615 (2M- + M+, 10). 
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ChC18: 
δH (300 MHz; CDCl3) 0.86 (3 H, t, J1,2 = 6.59 Hz, J2,3 = 6.86 Hz, Me), 1.24 (28 H, s, 
CH2), 1.57 (2 H, quintet, J1,2 = 7.41 Hz, J2,3 = 7.14 Hz, CH2), 2.1 (2 H, t, J1,2 = 7.41 Hz, 
J2,3 = 8.23 Hz, CH2), 3.35 (9 H, m, NMe3), 3.7 (2 H, m, NCH2), 4.10 (2 H, s, CH2OH). 
δC (300 MHz; CDCl3) 14.13, 22.69, 27.11, 29.36 – 30.04, 31.93, 39.07, 54.70, 56.02, 
68.70, 180.32. 
m/z 104 (M+, 100%), 148 (28), 283 (M-, 100), 568 (2M- + H+, 14), 671 (2M- + M+, 10). 
II.4.2. Methods 
The Krafft temperature TKr was determined by direct visual observation, spotting the 
temperature at which a 1 wt% surfactant solution turned completely clear and isotropic.2 
For this purpose, samples of ChC12, ChC14 and ChC16, all of them being clear at 
ambient temperature, were cooled down slowly until turbidity was discernible. Thereby, 
ChC12 and samples remained clear and isotropic throughout the whole temperature 
range investigated (- 3°C to 90°C). The Krafft temperatures of ChC14 and ChC16 were 
confirmed by reheating the samples with a rate of about 1°C per hour. ChC18 samples 
were turbid at room temperature, so TKr was measured by slow heating. 
The TMA carboxylate solutions were analyzed in the same manner as the corresponding 
choline samples, the determined TKr values being approximately the same. Regarding 
the potassium soaps, only KC12 had to be cooled down from room temperature until 
precipitation occurred. All other KCm samples were turbid at room temperature. The 
values of TKr for potassium carboxylates were determined as described above by heating 
the samples with about 1°C per hour until a completely clear and isotropic solution was 
obtained. 
The critical micellization concentrations (cmc) of the choline surfactants were 
determined by conductivity measurements. Cmc’s can be obtained from the breakpoint 
in the plot of the conductivity versus the concentration. Experiments were conducted at 
25°C using an autobalance conductivity bridge (Konduktometer 702, Knick) equipped 
with a Consort SK41T electrode cell. In order to obtain specific conductivities, the cell 
constant was determined by measuring known conductivities of 0.01 m, 0.1 m and 1 m 
potassium chloride solutions at 25°C.34 The cmc values were determined to within ±4%. 
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The values of the micelle ionization degree α at the cmc were calculated from the 
obtained conductivity data using Equation (II.2) derived by Evans.35 
     1000S2 = N2/3 α2 (1000S1 – ΛCh) + α ΛCh (II.2)
In Equation (II.2), S1 and S2 denote the slopes of the plot of the specific conductivity 
versus the concentration below and above the cmc (see Table II.2). ΛCh is the limiting 
equivalent conductivity of choline, which is 42.0 Scm2 according to Fleming.36 N terms 
the aggregation number at the cmc and was calculated according to Tanford,37 assuming 
the maximal possible aggregation number of a spherical micelle with a fully extended 
hydrocarbon chain. However, the value of α (estimated to within ±3% and shown in 
Table 1) derived from equation 1 is not very sensitive to the value of N. 
Table II.2 Values of the Slopes of the Conductivity Plots versus the concentration before (S1) 
and after (S2) the cmc with the resulting α values 
Surfactant 1000·S1 (S۠ cm2/ mol) 1000·S2 (S۠ cm2/ mol) α 
ChC12 53.87 31.13 0.33 
ChC14 58.52 31.68 0.28 
ChC16 77.37 30.44 0.18 
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Chapter III Biodegradability and Cytotoxicity 
on Human Cell Lines of Choline Soaps 
 
Using choline as counterion in fatty acid surfactants substantially increases their water 
solubility as compared to classical sodium and potassium soaps, and thereby enables the 
application of desirable longer-chain derivatives at ambient temperature. Since choline 
can be decomposed both, physiologically and environmentally, corresponding fatty acid 
soaps are considered to be highly biocompatible. Recent toxicity and biodegradability 
studies of choline ionic liquids, including anions such as short- and middle-chain 
alkanoates, have verified the expected low toxic impact. However, according to the 
European Cosmetic Directive 76/768/EEC, all salts of choline are forbidden in 
cosmetical products mainly just due to its classification as quaternary ammonium ion. In 
order to facilitate the application of promising choline salts in the future, the 
biodegradability of choline soaps (ChCm) with alkyl chain lengths of m= 12-18 
according to the OCDE 301F standard has been investigated. Further, the cyotoxicity of 
ChCm surfactants with m= 8-16 was determined, both for odd- and even-numbered fatty 
acids. Studies were carried out using two different human cell lines, namely cervix 
carcinoma cells (HeLa) and keratinocytes (SK-Mel-28). For a better comparability to 
common soaps and to shed light on the influence of the cation, sodium and potassium 
homologues were also investigated. Results reveal a non-linear relationship between the 
hydrophobic chain length and the IC50 value. Most importantly, the presented data show 
that IC50 values of ChCm surfactants coincide with those of the widely applied sodium 
and potassium soaps and thus support their applicability. 
Biodegradability and Cytotoxicity on Human Cell Lines of Choline Soaps 
34 
III.1. Introduction 
The Krafft point of surfactants is one of the key factors for their application, since it 
defines the temperature above which micelles are formed and solubility is drastically 
enhanced, such that the surfactant can unfold its capabilities. In analogy to the reduced 
melting points of ionic liquids (salts with m.p. < 100°C), Krafft points of surfactants can 
be decreased by hindering a regular crystalline packing of the molecules. As shown in 
Chapter II, the use of the bulky choline cation as counterion in simple fatty acid soaps is 
very efficient to increase the water solubility of the corresponding surfactants as 
compared to the sodium and potassium homologues.1-3 Choline soaps (ChCm) can be 
used up to a chain length of m= 16 at ambient temperature, whereas sodium palmitate 
(NaC16) is not soluble below 60°C.1,4 Choline itself occurs in large amounts in plant, 
animal and human tissues and is biochemically well characterized.5-7 
Earlier studies have proven that choline can be decomposed environmentally by certain 
microorganisms.8,9 Consequently, choline soaps should be likewise environmentally and 
physiologically harmless, since they are made up of constituents occurring in 
considerable quantities in the primary metabolism of mammals. In addition, due to the 
low Krafft points, the synthesis of choline soaps via saponification of the fatty acids can 
be conducted at ambient temperature without further energy supply.1,2 Choline salts 
such as the chloride are nowadays cost-efficient chemicals, produced on a scale of 
thousand tons per year. Therefore, choline alkanoates should not only be biocompatible 
but also bear economical advantages. 
Very recently, choline has received much interest in the field of green ionic liquids.10-17 
The cytotoxicity of a family of choline phosphate ionic liquids has been measured for a 
J774 murine macrophage cell line, revealing that the toxicity essentially depends on the 
employed anion.18 Petkovic et al. showed that choline salts of short- to middle-chain 
alkanoates, ranging from ethanoate to decanoate (m= 2-10), are also ionic liquids.19 
Furthermore, they investigated the toxicity using filamentous fungi as model organisms 
as well as the biodegradability by Penicillium corylophilum, and found that these 
choline ionic liquids were even less toxic than their sodium counterparts.19 The 
capability of choline salts as promising green chemicals appropriate for many 
applications is not at least reflected by the declaration of several patents in the last two 
years.20-22 
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However, the European Cosmetic Directive 76/768/EEC (Anex II/ 168) still prohibits 
the use of choline salts in cosmetic products.23 This is mainly due to the assignment of 
choline to the group of quaternary ammonium compounds (QAC), which are known to 
possess intrinsic irritation potential. 
To check whether the a priori assumption of a high biocompatibility for choline soaps 
is valid and to support their use in daily products, the biodegradability of ChCm salts for 
m= 12-18 has been investigated. Further, in vitro cytotoxicity analyses with two 
different human cell lines, namely on cervix carcinoma cells (HeLa) and on 
keratinocytes (SK-Mel-28), were performed. According to literature, HeLa tests on 
surfactants generally show good reproducibility and correlation with in vivo 
experiments. Therefore, they are widely accepted as reasonable alternative to the eye 
irritancy test on rabbits (Draize test).24-28 A keratinocytic cell line was chosen in order to 
examine the skin irritancy power. For both cell lines, the influence of the alkyl chain 
length on the cytotoxicity of fatty acid salts with m= 8-16 has been examined. For the 
sake of a better comparability to previously reported values, the study was completed by 
measuring the IC50 values of common sodium and potassium carboxylates in both cell 
lines under the same assay conditions. Complementarily, cellular fluorescence 
microscopy analyses were performed using pyrene-substituted C12 carboxylates of both 
sodium and choline in order to elucidate the mechanism underlying toxicity, that is, to 
ascertain whether the surfactants act only as unspecific destroyers of the outer cell 
membrane or if they can penetrate into the cell and affect more specifically cell 
functions.  
It is worth mentioning that hitherto performed studies focused mainly on the 
cytotoxicity of even numbered soaps as these are most abundant in the natural fatty acid 
reservoir of mammalian cells. In the present work, also odd-numbered homologues 
were assessed this way to investigate if these compounds show outlining effects or 
follow the postulated general trend of increasing cytotoxicity with growing hydrophobic 
chain length according to structure activity relationships (SAR).29-31 
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III.2. Results and Discussion 
III.2.1. Biodegradability 
The biodegradability of surfactants is important since it expresses their ability to persist 
in the environment. According to REACH (Registration, Evaluation and Authorisation 
of Chemicals) legislation, all new chemicals have to pass ultimate biodegradation tests 
in order to be admitted to the market. Therefore, the biodegradability of choline soaps 
has been investigated ranging from laurate to stearate, using sodium acetate as standard. 
Generally, with regard to the OCDE standard, organic molecules can be considered as 
biodegradable if 60% of the substance is decomposed within 10 days after the 10% 
level has been reached, and if globally at least 60% have been consumed after 28 days. 
Following the European standard CE2004/ 648, surfactants can already be classified as 
biodegradable if 60% degradation is achieved after 28 days. 
Fig. III.1 shows the biodegradation profiles of ChCm soaps with m= 12-18 (even 
numbered) as a function of time. It is obvious that all investigated compounds meet the 
latter criterion already before 10 days. Moreover, biodegradation is initiated 
immediately in all cases, indicating that no inhibition effect occurs in the biological 
medium due to potential toxicity of the choline derivatives. 
 
 
Fig. III.1 Biodegradation of choline laurate (□), myristate (○), palmitate (∆) and stearate (◊) as 
a function of time with sodium acetate (?) as standard. 
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In the OCDE guideline, it is recommended to test products at 100 mg L-1. If necessary, 
the concentration can be decreased afterwards. The presented results are expressed as an 
average value of tests carried out at 50 and 90 mg L-1. Differences between two 
concentrations of each compound were very small (less than 5%). This confirms a low 
toxic impact for the studied choline carboxylates. Concerning the influence of the chain 
length, varying final levels of biodegradability after 28 days were observed, ranging 
from about 100% for ChC12 over 85% for ChC16 to approximately 80% for ChC14 
and ChC18. However, a simple relationship between biodegradability and 
hydrophobicity cannot be established since the C14 homologue breaks the general 
trend. Possible reasons for this finding may be related to parameters like Krafft point or 
unlike aggregation behavior. In fact, among all investigated soaps ChC18 is the only 
compound with a Krafft point beyond 20°C. At the moment, a reasonable explanation 
for the unusual ranking of ChC14 cannot be provided. Work addressing this question is 
underway. Nevertheless, when comparing for instance the level of biodegradation after 
5 days of ChC12 (82%) and NaC12 (58%),32 it is obvious that the choline salt clearly 
outrivals its sodium analogue.  
Classical soaps have been extensively studied and are referred to as readily 
biodegradable, both under aerobic and anaerobic conditions.32-37 However, they are 
susceptible to water hardness. Consequently, poorly water-soluble calcium and 
magnesium salts are formed, which are less biodegradable.33,37 Despite their enhanced 
water solubility relative to the alkali homologues, choline soaps are also very sensitive 
to the presence of divalent ions and are thus expected to behave similarly.2 Apart from 
that, the choline ion itself should not have any additional harmful impact on the 
environment, since it can be decomposed by microorganisms and no accumulation in 
soil has been observed.8,9 
In summary, all studied choline soaps can be regarded as readily biodegradable as they 
all pass the 10 day window criterion on the one hand, and up to 70% are degraded 
within 13 days on the other. This agrees well with reports of other groups on choline 
salts such as short- and middle-chain alkanoates or naphthenic acid derivatives.15,19 
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III.2.2. Cytotoxicity  
A sufficient water solubility of the surfactants is necessary to obtain reliable in vitro 
toxicity results.38-40 The Krafft temperatures of surfactants are well known to increase 
towards longer alkyl chain lengths.41 Thus, with regard to the Krafft points of the 
investigated soaps which decrease with growing cation size,1,4,42 the maximum length of 
the alkyl chain was limited in this study to m= 12 for sodium, m= 13 for potassium and 
m= 16 for choline. The cytotoxicity (expressed as IC50 values) of choline, sodium and 
potassium carboxylates in HeLa and SK-Mel-28 cell lines is depicted in Fig. III.2 and 
Fig. III.3, respectively. 
 
Fig. III.2 IC50 values of choline (□), sodium (○) and potassium (◊) carboxylates obtained on 
HeLa cells as a function of alkyl chain length m. 
For both cell lines, the cytotoxicity of ChCm surfactants equals more or less those of 
sodium or potassium soaps and is, except for m= 15 and m= 16, in or near the 
millimolar range. Thus, it is evident that choline soaps possess low cytotoxicity under 
the chosen conditions.  
In contrast to previous studies, any cation specificity could not be verified. Cytotoxicity 
tests on anionic surfactants with carboxylate headgroups and varying counterions, 
including alkali as well as quaternary ammonium ions, pointed out that the toxicity is 
lower for bigger cations than for small alkali ions.43,44 Results were interpreted in terms 
of ion-pair formation. Small alkali ions are known to bind more strongly to the 
carboxylic headgroup than polarisable large ions. The formation of ion pairs has 
likewise been found to increase the toxicity of imidazolium and pyridinium ionic 
Biodegradability and Cytotoxicity on Human Cell Lines of Choline Soaps 
39 
liquids.31,45 Also, Petkovic et al. detected a slightly lower toxic impact for choline ionic 
liquids than for their sodium counterparts.19 
 
Fig. III.3 IC50 values of choline (□), sodium (○) and potassium (◊) carboxylates obtained on 
SK-Mel-28 cells as a function of alkyl chain length m. 
In view of the cell medium used in this study, which contains diverse salts such as NaCl 
or CaCl2, specific ion effects may not become obvious. The non-specificity of our 
results with regard to the cations are generally reasonable since sodium, potassium and 
also choline were shown to exert no intrinsic toxic effect at least at the concerned level 
of concentration.19 Thus, the toxicity of the investigated soaps mainly results from the 
anions.  
According to the SAR (structure-activity relationship) concept,46 the cytotoxicity is 
expected to scale in a linear fashion with the hydrophobicity.46-49 This trend was 
observed for many ionic liquids, mainly for chain lengths of up to m= 10-12.47,49 The 
hydrophobicity is usually expressed by the octanol-water coefficient (P) or, for 
surfactants, alternatively by the critical micellization concentration (cmc). Since the cmc 
of surfactants decreases linearly with growing alkyl chain length,41 plots of the IC50 
values versus m should basically give same curve progressions. 
However, detailed evaluations of the cytotoxicity of odd- and even-numbered choline 
soaps with m= 8-16 demonstrate that, for both cell lines, the linear trend reported in 
literature is not fully valid (cf. Fig. III.2 and Fig. III.3). Data analysis using the ANOVA 
routine clearly reveals that the values obtained for m= 11-14 show no statistically 
significant differences among each other. Consequently, instead of a linear trend we 
observe a plateau between m= 11-14. In turn, values of m≤ 11 fairly well describe a 
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linear relationship. Equation (III.1), for instance, fits well the experimental results of 
choline soaps in HeLa cells up to m= 11 (R= 0.995). 
        log IC50 (mmol L-1) = 2.1±0.2 – 0.24±0.02 m (III.1)
One may assume that odd-numbered carboxylates deviate from the linear trend due to 
the fact that they are not common in the biosynthesis of fatty acids and are hence not as 
important for biological functions as their even-numbered counterparts. Likewise, the 
frequently observed zig-zag behavior of odd- and even-numbered fatty acids concerning 
their physico-chemical properties such as melting or Krafft temperatures cannot explain 
the traced progression of the IC50 values with the alkyl chain length.50 
In fact, such a plateau has not been reported to date to the best of our knowledge. 
Former studies on soaps or anionic surfactants in general – which were unfortunately 
performed only on even-numbered paraffinic chains – identified a maximum 
cytotoxicity for m= 12-14.39,51-56 This is often referred to as cut-off effect in the 
literature.57 Several arguments were put forward to explain this phenomenon, such as 
insufficient water solubility (i.e. the nominal concentration deviates from real test 
concentration)40 or kinetic aspects (uptake is slowed down due to steric effects in the 
case of higher molecular weight compounds).57 For surfactants, the found greatest 
irritant and toxic power of intermediate chain lengths was further ascribed to two 
contributing factors.33,51 On the one hand, the cmc and therefore also the limiting 
concentration of available monomers decrease with growing alkyl chain length. On the 
other, the oil-water partition coefficients and thus the hydrophobicity increase. 
In the present study, the argument of insufficient water solubility can be ruled out as an 
explanation for the observed trends, since only surfactants with Krafft points at ambient 
temperatures or below have been investigated. Indeed, limited water solubility accounts 
for the maximum toxic impact of sodium soaps with m= 12 reported in literature, given 
that longer-chain derivatives with sodium as counterion are not soluble in water below 
40°C and m= 11 has not been investigated.42 By contrast, the enhanced water solubility 
of choline soaps enabled the study also of longer alkyl chains. Thereby, the detected 
IC50 values of choline surfactants render a simple cut-off effect unlikely since, after 
passing through the plateau, the toxicity increases further with the hydrocarbon chain 
length. 
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Also, the formation of micelles should not affect the present IC50 values, as the starting 
concentrations of all studied compounds were lower than the respective cmc’s.1,58 
Although the cmc has not been determined for all of the investigated m values, the fact 
that it varies linearly with the chain length allows for an interpolation of the missing 
values. Further, it was suggested that the toxicity of surfactants is mainly due to 
monomers and not aggregates.38,39,51 QSAR (quantitative structure-activity relationship) 
studies of Roberts et al. disclosed that whether a compound is a surfactant or not is 
irrelevant to its toxicity.30 Rather, the hydrophobicity is the major determining factor. 
Commonly, anionic surfactants are believed to act as polar narcotics.29,30,59 Roberts et 
al. distinguish between the mechanisms of general and polar narcotics, based on the 
way in which solutes can partition between water and membranes.30 They proposed that 
general narcotics such as alcohols operate via a three-dimensional partition in the 
membrane, meaning, they are able to move in all directions inside the hydrocarbon 
interior of the bilayer. In turn, polar narcotics undergo two-dimensional partition, which 
means that the polar groups of the solute are bound to the phosphatidylcholine head 
groups at the membrane surface.30 A closer look at the dose-response curves of choline 
alkanoates reveals differences in the progressions of the curves for different m values 
(see Appendix A.1-2 for further information). Cell viabilities observed in the presence 
of shorter-chain derivatives increase gradually towards dilution, whereas they rise 
suddenly between one of the concentration steps in the case of salts with longer alkyl 
chains. This may indicate that alkanoates up to m = 11 act via a different mechanism 
than salts with m≥ 12. A possible scenario is that shorter-chain derivatives behave as 
general narcotics in the framework of a 3D partition as described by Roberts et al.,30 
whereas homologues with m≥ 12 are more efficiently incorporated by the membrane 
and can thus be considered as a 2D partition solute.60 Further experiments are 
necessarily required to sustain this hypothesis and to clarify the uncommon trends of 
IC50 values with varying alkyl chain length in these fatty acid systems. 
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III.2.3. Monitoring of Cellular Uptake and Intracellular 
Distribution by Fluorescence Microscopy  
In order to shed light on the cytotoxic activity of choline soaps as well as of soaps in 
general, HeLa cells were incubated with 1:2 molar mixtures of pyrene-substituted 
sodium and choline laurate and corresponding non-functionalized fatty acid salts at 
concentrations slightly below their respective IC50 values. The ways of the soaps in this 
cellular context was traced by microscopic imaging of pyrene fluorescence over time. 
Exemplary series of micrographs are shown in Fig. III.4. The full set of images, 
recorded in intervals of 10 min up to 60 min, is given for both investigated systems in 
Appendix A.3. 
 
Fig. III.4 Phase contrast and fluorescence images of HeLa cells incubated with a mixture of 
ChPC12/ChC12 (molar ratio of 1 : 2), acquired 10, 20 and 60 min after addition of the 
surfactants. Scale bars: 20 µm. 
The results obtained by cellular fluorescence microscopy demonstrate that the soaps are 
not only unspecific destroyers of the cell membrane. Following the fluorescence of 
pyrene, it can be observed that the surfactants are actually able to penetrate the 
membrane of the cells and to accumulate inside (cf. Fig. III.4). In this respect, no 
marked differences between choline and sodium salts could be detected, confirming the 
Biodegradability and Cytotoxicity on Human Cell Lines of Choline Soaps 
43 
similar IC50 values measured for the distinct cations. Cellular uptake occurred very 
rapidly. Already after 10 min of incubation, broad pyrene fluorescence was discernable 
throughout the entire cells. As expected for anionic surfactants, the cell nuclei remained 
unaffected during the examined time period. Pyrene fluorescence increased with time 
but showed some kind of saturation already after 30 min. Most notably, besides uniform 
intracellular fluorescence, there were also fluorescent aggregates inside the cells. 
These aggregates likely represent so-called cytoplasmic lipid droplets (CLDs).61,62 
CLDs consist of a neutral lipid core with a surounding phospholipid monolayer and 
exist in virtually every mammalian cell type. They form from the endoplasmic 
reticulum and grow in size by incorporating triacylglycerols.63 The cellular pyrene 
fluorescence observed in the experiments (Fig. III.4) closely resembles the typical 
phenotype of CLDs.64 As CLDs are known to be deposits for excess lipids and with 
regard to the neutral pH value of the buffered cell medium, the soaps might be taken up 
into the cell in the form of protonated fatty acids.65 Further, an accummulation of 
pyrene fluorescence in the CLDs is very likely to occur. However, more data are 
required to understand the exact (co)localization and the fate as well as the composition 
of the molecules taken up by the cells. 
III.3. Conclusion 
Biodegradability studies of choline soaps with chain lengths of m= 12-18 have 
evidenced that all investigated compounds can be classified as readily biodegradable 
according to European norm. 
Cytotoxicity tests on two human cell lines (HeLa and SK-Mel-28) were carried out for 
choline, sodium and potassium carboxylates as a function of the alkyl chain length, 
including odd- and even-numbered fatty acids. Thereby, the corresponding Krafft 
temperatures limited the length of the hydrocarbon chain useable to m= 12 for sodium, 
m= 13 for potassium and m= 16 for choline. Both cell lines showed basically same 
tendencies with similar IC50 values. No cation selectivity could be observed. The IC50 
values of choline carboxylates obtained for the different cell lines coincide almost 
exactly with those of the well-known and widely applied sodium and potassium 
homologues. Thus, it can be concluded that toxicity mainly originates from the anions.  
Considering structure-activity-relationships with regard to variation of the alkyl chain 
length, the obtained results on odd- and even-numbered hydrocarbon chains indicate a 
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scheduled cytotoxicity for m≤ 11. But the simple linear trend of increasing toxicity 
with increasing hydrophobicity reported in literature was found to be not valid for the 
longer chain length derivatives. A simple cut-off effect cannot explain the observed 
progressions of IC50 values versus hydrophobic chain length, since after a plateau 
identified for m= 11-14, cytotoxicity increases further towards longer alkyl chains. It is 
proposed that alkanoates up to m= 11 act via a different mechanism than salts with 
m≥ 12. Most probably, longer alkyl chain length derivatives are more effectively 
incorporated in the bilayer of the membranes. 
Fluorescence microscopy studies on the uptake of pyrene-substituted choline and 
sodium dodecanoate in HeLa cells disclosed that the surfactants do not simply act as 
unspecific outer cell membrane destroyers. They actually penetrate relatively fast 
(within 10 min) inside the cell.  
Taken together, the biodegradability and cytotoxicity investigations emphasize the 
capability of choline soaps of being promising green compounds for the future. 
Certainly, further investigations, such as measurements of aqua-toxicity, are needed to 
ascertain whether the simple classification of choline as quaternary ammonium ion 
justifies an interdiction as ingredient in cosmetic products. 
III.4. Experimental 
III.4.1. Chemicals and Sample Preparation 
Choline dodecanoate (ChC12), tetradecanoate (ChC14), hexadecanoate (ChC16) and 
octadecanoate (ChC18) were synthesized and purified by twofold recrystallisation as 
described previously.1 Sodium octanoate (Min. 99%), decanoate (≥ 98%) and 
dodecanoate (99-100%) were purchased from Sigma-Aldrich and used as received. The 
purified powdery choline soaps as well as the commercially available sodium salts 
served, amongst others, as reference substances in order to check if the neutralization 
procedure (as described below) is an appropriate method for the preparation of samples 
for cytotoxicity studies. In fact, IC50 values of assays performed with the above 
substances and those obtained by neutralization were found to deviate by less than 
1-9%. Therefore, the simpler neutralization procedure was chosen to synthesize 
surfactants for the cytotoxicity measurements, and results were judged to be 
representative also for purified soaps. Thus, the desired compounds were obtained by 
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directly converting fatty acids with the corresponding hydroxides. Since carboxylic 
acids are weak acids and all applied hydroxides are strong bases, the neutralization 
reaction is expected to be quantitative. The following fatty acids were employed: 
octanoic acid (Min. 99%, Sigma), nonanoic acid (Min. 97%, Sigma-Aldrich), decanoic 
acid (99%, Alfa Aesar), undecanoic acid (99%, Aldrich), lauric acid (≥ 99%, Merck), 
tridecanoic acid (≥ 98%, Sigma) and pentadecanoic acid (99%, Aldrich). Sodium and 
potassium hydroxide were applied as titre solutions (0.1 N and 1 N (Merck)). Choline 
hydroxide was obtained from Taminco as a clear 46 wt% aqueous solution. In order to 
prevent decomposition of choline base, the stock solution was stored under nitrogen at -
18°C and protected against light. The exact concentration of choline base was 
determined by a threefold titration with 0.1 M HCl (Merck).  
The as-obtained soaps were used as aqueous solutions at concentrations of 1 wt% for 
C11 and longer chain lengths, 2 wt% for C10, and 5 wt% for both C8 and C9. To allow 
for a better comparison and ensure uniform representation, Fig. III.2 and Fig. III.3 show 
data which were collected exclusively with surfactants prepared by direct neutralization. 
For fluorescence microscopy, 1-pyrenedodecanoic acid (≥ 98%, Sigma) was used as 
received and subsequently neutralized with either choline base or sodium hydroxide, 
yielding choline 1-pyrenedodecanoate (ChPC12) and sodium 1-pyrenedodecanoate 
(NaPC12), respectively. Pyrene-substituted choline and sodium laurate were not soluble 
below 60-80°C. Therefore, they were mixed in a 1:2 molar ratio with the corresponding 
non-functionalized fatty acid soaps, which led to clear solutions at ambient temperature. 
III.4.2. Biodegradability  
Biodegradabilities of purified ChCm salts with m = 12-18 (even-numbered) were 
studied following the OCDE 301F norm, which requires the biological (BOC) and the 
theoretical (TOC) oxygen consumption. Sodium acetate was used as reference. With the 
known molecular structure, the TOC (in mg of oxygen per mg of product) can be 
calculated according to Equation (III.2). The TOC value reflects the amount of oxygen 
needed for complete oxidation of a compound.  
  
(2 0.5 ( - - 3 ) 3 2.5 0.5 -
16
C H Cl N S P Na O
TOC
PM
× + × × + × + × + ×= ×
 
(III.2)
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The BOC was determined by means of an IBUK respirometer, which detects the oxygen 
consumption during the degradation process. Experiments were conducted at 20°C over 
a period of 28 days in a medium containing diverse mineral substances (sodium and 
potassium phosphates, ammonium, calcium and iron chlorides, magnesium sulfate) and 
bacteria collected from a local wastewater treatment plant. Finally, biodegradability 
values are obtained as defined by Equation (III.3): 
% biodegradation = BOC / TOC x 100 (III.3)
Various concentrations of each compound were studied in order to check for a possible 
harmful effect on bacteria. Several parameters served as criteria for the reliability of the 
experiments: 
(1) The degradation of sodium acetate has to reach a level higher than 60% after 
14 days. In our experiments, it was 96.4%. 
(2) The mineral medium has to exhibit oxygen consumption below 60 mg L-1 after 
28 days. In our case it was only 6 mg L-1. 
(3) After 28 days the pH has to be between 6 and 8.5, which proved true in each assay.  
III.4.3. Cytotoxicity Tests 
Cytotoxicity tests were performed with the HeLa (cervix carcinoma, ATCC CCL17) 
and the SK-Mel-28 (keratinocytes, CLS 300337) cell line, using the MTT assay 
procedure introduced by Mosmann66 and modified by Vlachy et al. in both cases.67 The 
IC50 value (in µmol mL-1) was calculated for each substance from a concentration-
response curve, which was generated on the basis of 8 different concentrations (see ESI 
for details). The IC50 value represents the concentration of test substance, which lowers 
MTT reduction by 50% relative to the untreated control. For a good comparison, IC50 
values were determined for all substances on the same day (in triplicate). Experiments 
were repeated three to five times (n= 4-6) over several weeks, and the average IC50 
value and its standard deviation (SD) are reported. The maximum (absolute) standard 
deviation observed was about 15%. 
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III.4.4. Fluorescence Microscopy 
HeLa cells were seeded in µ-dishes (35 mm, Ibidi GmbH, Martinsried, Germany) at a 
density of 1×104 cells per dish and cultured over night. For microscopy analyses, 
phenolred-free culture medium was used. Imaging was performed with a Carl Zeiss 
CellObserver system, comprising a computer-controlled inverted fluorescence 
microscope AxioObserver (Carl Zeiss, Jena, Germany) with AxioVision 4.7 software 
(Carl Zeiss ISG, Hallbergmoos, Germany) and an AxioCam HRm CCD-Camera at full 
resolution. Images were acquired with a 63x LCI Plan-Neofluar objective and a set of 
filters suitable for pyrene fluorescence (HC 340/26, Q380 LP, HQ 420/40). 
In order to monitor the cellular uptake of the investigated soaps, mixtures of 
fluorescent ChPC12 and ChC12 or NaPC12 and NaC12 (both in 1:2 molar ratios) 
were added to the culture medium. The used concentrations and IC50 values were: 
IC50 (ChPC12 / ChC12) = (115 ± 2) µM 
c (ChC12/ChPC12)= 81 µmol L-1 
IC50 (NaPC12 / NaC12) = (154 ± 2) µM 
c (NaC12/NaPC12)= 102 µmol L-1 
Phase contrast and pyrene fluorescence images were taken every 10 min from randomly 
selected cells.  
III.4.5. Statistics 
Statistical differences and consistencies between the IC50 values of the cytotoxicity 
assay were determined by a oneway ANOVA test and a Posthoc Scheffe Procedure. 
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Chapter IV Aqueous Phase Behavior of Choline 
Carboxylate Surfactants 
 
In this chapter, the aqueous binary phase diagrams and a detailed investigation of the 
lyotropic liquid crystalline phases formed by choline carboxylate surfactants (ChCm) 
with chain lengths ranging from m= 12-18 and at surfactant concentrations of up to 95-
98 wt% are presented. The identification of the lyotropic mesophases and their sequence 
was achieved by the penetration scan technique. Structural details are elucidated by 
small-angle X-ray scattering (SAXS). The general sequence of mesophases with 
increasing soap concentration was found to be as follows: micellar (L1), discontinuous 
cubic (I1), hexagonal (H1), bicontinuous cubic (V1) and lamellar (Lα). The main 
difference to the phase behavior of alkali soaps or of other mono-anionic surfactants is 
the appearance and large extent of a discontinuous cubic phase with two or even more 
different symmetries. The obtained phase diagrams further highlight the extraordinarily 
high water solubility of ChCm soaps. Finally, structural parameters of ChCm salts such 
as the cross-sectional area at the polar-nonpolar interface are compared to those of alkali 
soaps and discussed in the terms of specific counterion binding and packing constraints. 
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IV.1. Introduction 
The substantial decrease in the Krafft point observed with choline as counterion was 
explained on the basis of two contributing factors, namely by the hindrance of a regular 
crystalline packing by the bulky choline ion, which is most probably the main driving 
force, and by a weak counterion to headgroup binding.1,2 Regarding their self-assembly 
behavior, choline soaps were found to behave very akin to alkali soaps in the low 
concentration region with respect to critical micellization concentrations (cmc’s). In 
fact, measured cmc values coincided nearly exactly with those of the corresponding 
alkali salts.1 These findings inevitably raise the question in which manner choline 
carboxylates self-assemble at higher concentrations. This is not only of fundamental 
interest but also important for industrial applications.3 
The first binary aqueous phase diagrams of sodium and potassium soaps were 
established by McBain, Vold and coworkers.4-6 Later, Madelmont and Perron refined 
those of sodium laurate (NaC12) and myristate (NaC14) by means of differential 
thermal analysis.7 Luzzati, Spegt and Skoulios are just a few further names of authors 
who investigated in depth the aqueous phase behavior of alkali soaps and resolved the 
detailed structure of the mesophases by thorough X-ray studies.8-13 The basic phase 
behavior is similar for all alkali carboxylate surfactants.14 The characteristic sequence of 
mesophases occurring with increasing surfactant concentration is: micellar solution L1, 
normal hexagonal H1, bicontinuous cubic V1 (which may be accompanied or replaced 
by one or two intermediate phases), and lamellar Lα. In aqueous micellar solutions, all 
soaps undergo a transition from spherical to rod-like micelles when their concentration 
is increased.15,16 As a consequence, normal hexagonal H1 is the first liquid crystalline 
phase to be formed. This has been shown to apply also for carboxylate surfactants with 
big organic counterions like alkyl amines or quaternary ammonium ions.17,18 In turn, 
discontinuous cubic phases (I1), which are typically located between L1 and H1 and 
consist of discrete, mostly spherical micelles arranged in a cubic lattice, have to our 
knowledge not been reported to date for any binary aqueous mono-anionic surfactant 
system.19,20 Such phases are indeed known for divalent anionic,21 zwitter-ionic,22 non-
ionic23,24 and even mono-cationic surfactants with highly dissociated counterions (e.g. 
alkyltrimethylammonium chloride),22 due to an increased effective area per headgroup 
ao. 
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In this chapter, the influence of counterion binding on micellar shape and the formation 
of lyotropic liquid crystals is demonstrated for choline carboxylate systems. To that end, 
the binary aqueous phase diagrams of choline soaps (ChCm) are presented for chain 
lengths of m= 12-18 and a temperature range of 0–90°C. The various mesophases and 
their sequence were identified first by the penetration scan technique using optical 
polarizing microscopy. Subsequently, the exact phase boundaries were determined 
visually between crossed polarizers. Finally, structural details of the lyotropic liquid 
crystalline phases were elucidated by small-angle X-ray scattering (SAXS) 
measurements performed for surfactant concentrations up to 95-98 wt%.  
IV.2. Results and Discussion 
IV.2.1. Penetration Scans 
The penetration scan method, as described in detail by Lawrence,25 is a straightforward 
technique to obtain information on the mesophases formed by a surfactant in water. 
Thereby, the various liquid crystals with their different characteristic textures are 
observed in the form of distinct rings along increasing surfactant concentration towards 
the center of the sample. 
Fig. IV.1 shows a penetration scan image of ChC12 at 20°C. When passing to higher 
surfactant concentrations, the following sequence of mesophases can be identified: 
micellar (L1), discontinuous cubic (I1’ and I1’’), hexagonal (H1), bicontinuous cubic 
(V1), and a partially birefringent solid region. A lamellar phase (Lα) could not be 
detected before 62°C. Generally, discontinuous cubic phases can be distinguished in a 
penetration scan by their high viscosity (obvious when slightly pushing the sample) as 
well as their isotropy and refractive index discontinuity. The penetration scan of ChC12 
clearly indicates the presence of two different discontinuous cubic phases, labeled I1‘ 
and I1‘‘, with almost equal extent. The H1 phase can be recognized by its characteristic 
optical texture,26 while the bicontinuous cubic V1 phase is isotropic and highly viscous. 
The solid region was found to be partially birefringent and exhibits, in contrast to a 
lamellar phase, high viscosity. Therefore, it likely corresponds to a mixture of a gel (Lβ) 
and a solid phase, as observed previously for potassium and higher alkali soap 
derivatives.14, 27 The phase behavior of the gel or coagel region can be rather complex 
since an equilibrium state is often difficult to attain.12, 28 Thus, it will be focused in the 
following on the liquid crystalline phases.  
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Fig. IV.1 Penetration scan of ChC12 at 20°C acquired at 100x magnification between half-
crossed polarizers, showing the following sequence of the formed mesophases: L1, I1’ and I1’’, 
H1, V1 and a gel + solid region. The discontinuous cubic phases I1’ and I1’’ can be identified by 
their isotropy, high viscosity and refractive index discontinuities (dark lines). 
The general sequence of liquid crystals observed for ChC12 was confirmed also for the 
longer-chain choline carboxylates, including the existence of two I1 phases. Only 
ChC18 differs slightly from the other homologues as the I1’’ phase disappears at around 
55°C, while for m= 12-16 both cubic phases are present over the entire temperature 
range investigated. 
Fig. IV.2 shows another example of a penetration scan, which illustrates the more 
concentrated surfactant region of ChC16 at 61°C. The phases occurring towards higher 
soap concentration are assigned to H1, V1, Lα and Lβ.  
 
Fig. IV.2 Penetration scan of ChC16 at 61°C with non-crossed (left) and crossed (right) 
polarizers at 100x magnification, visualizing the formed mesophases in the more concentrated 
surfactant region. 
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Further penetration scan images acquired for the different choline soaps at various 
temperatures can be found in Appendix B.2. 
IV.2.2. Binary Phase Diagrams 
From the penetration scans, it can be deduced that the aqueous phase behavior of 
choline soaps is characterized by an alternating sequence of isotropic and anisotropic 
liquid crystals. Consequently, the exact phase boundaries can be identified by inspecting 
samples with distinct concentrations between crossed polarizers at varying temperature. 
In turn, the boundary between I1’ and I1’’ must be estimated based on the penetration 
scans and SAXS data. The Tc line, i.e. the boundary between crystalline and “melted” 
paraffinic chains, was determined visually by detecting the temperature where the 
samples become transparent and was further confirmed by DSC measurements for 
selected samples (data not shown). Fig. IV.3 shows the resulting aqueous binary phase 
diagrams of ChCm surfactants for m= 12-18 and T= 0-90°C. The accuracy of the phase 
boundaries is estimated to be within ± 1 wt% and ± 1°C. Higher temperatures have not 
been investigated due to the problem of thermal decomposition. Consisting of organic 
material only, choline soaps start to become dark when heated over 90°C for longer 
periods. 
All phase transitions appear to be of first order, as a small two-phase region could be 
detected in each case, which is distinctly larger in-between I1’’ – H1 than for the other 
transitions. Nevertheless, the two-phase regions are in general relatively small and thus 
suggest high purity of the used surfactants. The Krafft boundary shifts as expected to 
higher temperatures with growing chain length. At around 95 wt% soap in water all 
choline surfactants show a pronounced increase in TC. However, an unexpected feature 
concerning the Krafft boundary line is the increase of TC at surfactant concentrations 
lower than 5-10 wt% in the phase diagrams of ChC16 and ChC18. Similar observations 
have been reported by McBain et al. for potassium soaps and were explained by the 
hydrolysis of the fatty acids, which is more prominent in dilute solutions.5 Moreover, 
the degree of hydrolysis also depends strongly on the alkyl chain length. Kanicky et al. 
showed that the apparent pKa value increases with the chain length from ~7.5 for C12 to 
10.15 for C18.29-31 In this regard, the dilute region of ChC16 and ChC18 does not 
represent a true binary system. On the other hand, adding an extra amount of choline 
base to suppress fatty acid hydrolysis would likewise not result in a true binary system, 
since an excess of choline ions would be present in this case. 
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Fig. IV.3 Binary aqueous phase diagrams of ChCm surfactants between 0°C and 90°C for 
m= 12 (A), m= 14 (B), m= 16 (C) and m= 18 (D). Experimental data near the phase boundaries 
were determined visually between crossed polarizers as isotropic (?), biphasic (?) and 
anisotropic (?). 
Fig. IV.3 further visualizes that choline soaps start forming liquid crystals at around 
26-29 wt% surfactant in water. The onset of the I1’ phase is thereby displaced slightly to 
lower concentrations with growing chain length. All liquid crystalline phase boundaries 
shift to lower soap concentrations for longer alkyl chains. This effect is most distinct for 
H1. The I1 phase region shrinks with increasing m, extending for ChC12 over about 
18 wt% while for ChC18 only over roughly 3 wt%. Also, the V1 region becomes 
smaller at higher m values, whereas the H1 and Lα phase domains expand 
simultaneously. Apparently, phases of high curvatures, namely the cubic phases, 
become less favored the longer the alkyl chain is. This is well in line with literature and 
the known tendency of longer alkyl chain derivatives to form less curved surfactant 
aggregates.28,32,33 
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Comparison to Alkali Soaps 
Sodium and potassium soaps form liquid crystals (H1) at comparable concentrations as 
choline carboxylates (20-30 wt% surfactant in water depending on the chain 
length).2,12,14 The found basic phase behaviour of choline soaps is generally also similar 
to the alkali homologues.2,12,25 However, there are some important deviations: 
(1) The studied choline soaps exhibit two distinct I1 phases between L1 and H1.  
(2) ChCm salts form a single V1 phase up to m= 18 and do not display intermediate 
phases. By contrast, the V1 phase is fully replaced by intermediate phase(s) for 
sodium at m= 12 and for potassium soaps at m= 14.34  
(3) The Lα phase region of ChCm surfactants is considerably smaller than observed 
for simple soaps, even if compared to large alkali ions such as cesium.23 Sodium 
and potassium carboxylates, for instance, typically form a lamellar phase 
between 60-65 wt%.2,12 
(4) The Krafft boundary of choline carboxylates is shifted to considerably lower 
temperatures relative to alkali soaps.4,5,7 
When compared to their choline counterparts, alkali carboxylate surfactants prefer 
phases of lower curvature, to a greater extent the smaller the counterion (Li+ > Na+ > K+ 
> Rb+ > Cs+). This trend reflects the known order of counterion binding and becomes 
further manifest in the Krafft point reduction of carboxylate soaps towards bigger alkali 
ions.11,35,57,58 In this context, choline can be regarded as a simple continuation of the 
alkali series. The bulky, highly dissociated choline counterion induces a large cross-
sectional headgroup area aS and hence provokes two outstanding characteristics in the 
aqueous phase behavior: a low Krafft boundary up to very high concentrations and a 
discontinuous cubic phase which extends over a wide concentration region.36 For 
instance, ChC12 shows no Krafft phenomenon down to 0°C up to 93 wt% surfactant in 
water. As opposed to that, the Krafft temperature of 90 wt% NaC12 is 127°C (or 195°C 
for KC12).14 Discontinuous cubic phases have to date been observed for example for 
mono-cationic surfactants like alkyltrimethylammonium chlorides with chain lengths up 
to m= 14,33,59 but not for mono-anionic surfactants in binary mixtures with water. 
Strikingly, choline soaps even show two distinct I1 phases in water, which has 
previously only been reported for non-ionic,35, 60 zwitter-ionic33 and divalent 
surfactants.32  
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IV.2.3. SAXS Data and Analysis 
In the following, SAXS analyses of each liquid crystalline phase (recorded in 
concentration steps of ≤ 2.5-5.0 wt%) are presented in order to provide further insight 
into structural details of the phases and confirm their assignment.  
IV.2.3.1. Discontinuous Cubic I1’ 
Penetration scans indicate that at least two differently structured I1 phases occur in the 
systems. Exemplary two-dimensional X-ray patterns acquired from ChC12 are 
displayed in Fig. IV.4. These show, with increasing surfactant concentration, a single I1’ 
phase (30.0-35.1 wt%), the coexistence of I1’ and I1’’ (37.9 wt%), a pure I1’’ phase 
(40.1-45.0 wt%), a biphasic pattern of I1’’ and H1 (47.2 wt%), and eventually a single 
H1 phase (49.7 wt%). 
It is well known that cubic phases often grow to large monocrystals, thus effecting 
rather spotty X-ray patterns instead of rings.20,37 This applies in particular for the I1’ 
phase, while in I1’’ homogeneous rings become more and more established. 
 
Fig. IV.4 Two-dimensional X-ray patterns of the system ChC12/H2O at 25°C at surfactant 
concentrations ranging from 30.0-49.7 wt% ChC12, showing single and biphasic patterns of the 
discontinuous cubic phases I1’ and I1’’ and the hexagonal phase H1. 
Fig. IV.5 A shows a radially averaged scattering profile of the I1’ phase of ChC12 
(X-ray spectra of I1’ for both, different chain lengths and concentrations, are given in 
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the Appendix B.4). Several attempts were made to solve the structure, but neither a 
primitive nor a face- (fcc) or body-centred (bcc) lattice describe the data adequately 
well. In turn, I1’’ could be clearly assigned to a Pm3n structure (see below). Therefore, 
particular effort was spent trying space groups like Im3m, Fm3m and Fd3m, since they 
often accompany a Pm3n lattice.19,20,24 Although several reflections match to these space 
groups, some peaks always remained non-indexed. The best agreement was achieved 
when using the cubic structure described by Clerc in 1996,38 which consists of two 
spherical micelles per unit cell arranged in hexagonal compact structure (hcp) with 
P63/mmc symmetry.38,39 The dashed lines inserted to the spectrum in Fig. IV.5 A show 
the attempt to assign I1’ to this structure (see the Appendix B.5.1 for details on 
calculations). It is evident that the experimental spectrum is still not properly fitted. 
Fig. IV.5 Radially averaged SAXS profiles of ChC12 at 25°C and surfactant concentrations of 
(A) 35.1, (B) 40.1, (C) 47.2, and (D) 49.7 wt%. Vertical lines mark the positions and Miller 
indices of peaks expected for a P63/mmc (-·-), Pm3n (--) and H1 (···) structure. Patterns 
correspond to (A) a single I1’ phase tentatively assigned to a P63/mmc structure, (B) a single I1’’ 
with Pm3n symmetry, (C) a biphasic region of I1’’ (Pm3n) and H1, and (D) a pure H1 phase. 
Note that the bump around q= 4 nm-1 stems from Kapton foil. 
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A possible reason for the difficulties in finding the right space group could be that the 
hcp and fcc packing are energetically closely related.40 Consequently, the relative 
stability of these two phases strongly depends on nucleation and growth kinetics.39 The 
fact that they are likely to coexist may account for the result that I1’ cannot be simply 
assigned to a single structure. However, since samples of different concentrations and 
chain lengths were measured and no noticeable differences upon ageing for years could 
be detected, it is assumed that the X-ray pattern of I1’ reliably represents 
thermodynamic equilibrium. Another problem in indexing I1’ may arise due to the 
formation of large monocrystals. By simple radial averaging over the spots, substantial 
information on different domains of structures might get lost. Hence, a feasible means 
to further analyze the system could be to rotate the sample or to measure monodomains, 
which was unfortunately not possible with the used setups. 
IV.2.3.2. Discontinuous Cubic Phase I1’’ 
As evidenced by Fig. IV.5, the I1’’ phase of ChC12 could be indexed properly by a 
Pm3n lattice. Equally unambiguous assignments were possible also for the other chain 
lengths, with up to 12 identified peaks (see the Appendix B.5.2 for further diffraction 
data). Cubic phases with Pm3n symmetry, located between L1 and H1, have been 
reported in earlier studies on binary and ternary surfactant systems.20,37,41,42 However, 
the detailed structure of Pm3n has in the past been the object of debates. 19,20, 43-46 
Eventually, NMR-diffusion measurements43 as well as detailed X-ray47 and freeze-
fracture electron microscopy studies48 support the model of Charvolin and Sadoc, who 
proposed a structure comprising two spherical and six disc-shaped (oblate) micelles per 
unit cell without any dynamic disorder.49 Accordingly, structural parameters such as the 
micellar radius or the effective cross-sectional headgroup area can at this point not be 
calculated in a straightforward way and would require more efforts such as mapping of 
the electron density.  
The unit cell parameters a determined for I1’’ range from about 90 Å to 125 Å (Table 
IV.1) and are reasonable with respect to other systems such as aqueous 
dodecyltrimethylammonium chloride.37 The addition of two CH2 groups increases a on 
average by about 15-20 Å. This cannot be simply explained by the length of two CH2 
groups (2.5 Å x 4 = 10 Å). The increase of a with growing chain lengths is most 
probably also caused by the larger dimensions of oblate micelles.  
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In a rough approximation, the micelle aggregation number Nagg can be calculated under 
the assumption of eight spherical micelles in the unit cell according to Equation (IV.1). 
( ) 8= ⋅agg Unitcell S SN V Φ V  (IV.1)
The resulting values (Table IV.1) vary from 71 for ChC12 up to 139 for ChC16, and are 
thus on a reasonable order of magnitude. As expected, Nagg increases with the chain 
length and the concentration. 
Table IV.1 Unit cell parameters a of the Pm3n structure detected for the I1’’ phase of ChCm 
salts up to m= 16 at 25°C, with corresponding estimated aggregation numbers Nagg.37.9 wt% 
ChC12 and 34.9 wt% ChC14 are biphasic samples of I1’ and I1’’, while 47.2 wt% ChC12 
belongs to the two-phase region of I1’’ and H1. 
 ChC12 ChC14 ChC16 
wt% 37.9 40.1 45.0 47.2 34.9 37.4 40.9 34.8 
a /Å 91.3 ± 0.5 89.9 ± 0.3 88.8 ± 0.2 88.4 ± 0.4 105.8 ± 1.1 106.1 ± 1.0 106.7 ± 1.2 124.9 ± 0.8
Nagg 70.9 71.4 77.4 79.8 92.7 100.1 111.1 139.4 
IV.2.3.3. Hexagonal Phase H1  
At around 35-50 wt% (depending on m), choline soaps start forming a hexagonal phase, 
which can be identified by up to 4-5 reflections (see Fig. IV.5 D and Table B.6 in the 
Appendix). For the Pm3n – H1 transition, several groups suggested an epitaxial 
relationship which facilitates the conversion of the 211 plane in the cubic phase into the 
100 plane of the hexagonal lattice.50, 51 As shown by the biphasic spectrum of 47.2 wt% 
ChC12 (cf. Fig. IV.5 C), the 100 spacing of H1 is centered exactly in the middle 
between the 210 and 211 reflection of Pm3n. Moreover, no systematic change in the 
relative intensity of the 211 spacing of Pm3n towards higher soap concentrations could 
be traced. In this sense, it seems as if choline soaps do not follow the proposed 
transition mechanism. 
The interlayer spacing d of H1 decreases linearly with the surfactant concentration (Fig. 
IV.6 A), which can be interpreted by a closer packing of the micellar cylinders. 
Corresponding changes in the lipophilic radius rL are outlined in Fig. IV.6 B for the 
different m values. As expected, rL increases in an approximately linear fashion with the 
concentration. The determined slopes (ΔrL / ΔΦL= 4.0-4.8) are within the limits of 
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experimental error equal for all homologues, indicating that the micellar radii grow in a 
similar manner. In all cases, rL is around 10-20% smaller than the respective fully 
extended alkyl chain lmax (Table IV.4), which agrees well with literature.74 Upon 
addition of two CH2 groups, rL increases at a given volume fraction by about 1.5-2.4 Å, 
which complies with reported values.14, 52 
Fig. IV.6 The interlayer spacing d (A), the radius of the lipophilic part rL (B) and the cross-
sectional area at the polar-nonpolar interface aS (C) outlined as a function of ΦS for the 
hexagonal phase of ChCm soaps (ChC12 ( ), ChC14( ), ChC16 ( ) and ChC18 ( )) (T= 25°C 
for m= 12-16, and T= 50-60°C (see SI) for m= 18). The error bars were calculated assuming 
uncertainties of Δq= 0.01 nm and ΔΦL= 0.01. 
The effective cross-sectional area at the polar-nonpolar interface aS is reproduced as a 
function of the surfactant volume fraction for the different m values in Fig. IV.6 C. Only 
ChC18 tends to slightly larger aS values, while those of m= 12-16 are more or less 
equal. This can probably be attributed to the higher temperatures chosen for measuring 
the ChC18 data due to its higher Krafft point. With growing surfactant concentration, aS 
decreases from about 52 Å2 to 46 Å2, finally reaching the limit at which the molecules 
can be packed in cylinders. 
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To enable a comparison of the results to data reported for the sodium and potassium 
homologues, values cited in literature were recalculated in order to obtain the cross-
sectional area at the polar-nonpolar instead of the surfactant-water interface.53 Given the 
high Krafft temperatures of Na- and K- carboxylates, documented values were 
determined at 86°C.53 However, for ionic surfactants the influence of temperature on 
structural parameters is rather small. When considering similar volume fractions (~50% 
surfactant), the following tendency of aS is obtained for m= 12: 
 NaC12 (aS= 46.7 Å2)53 < KC12 (aS= 47.3 Å2)53 << ChC12 (aS= 51.7 Å2) 
This is well in line with the increasing size of the counterions and the concurrent 
decrease of counterion-headgroup association.2,35 Moreover, it confirms the idea of 
Zemb et al. that ionic micelles are adequate models for quantifying specific ion 
effects.36 
IV.2.3.4. H1 - V1 Boundary: Intermediate Phase?  
Close to the phase boundary between H1 and V1, additional reflections appear in the 
X-ray patterns which can be allocated neither to H1 nor, apparently, to V1 (which 
belongs to the Ia3d space group, see below). These peaks are unlikely to arise from 
insufficient equilibration, since four months-old samples give the same scattering 
profiles as those measured after one week.  
As already mentioned, several intermediate phases located between H1 and V1 or H1 and 
Lα have been identified for alkali soaps or other mono-ionic surfactants. Luzzati et al. 
described an intermediate phase with complex hexagonal structure,10,12 which is known 
today as ribbon phase with centered rectangular symmetry (cmm).54 This structure 
exhibits peak ratios typical for a hexagonal lattice, but with much larger lattice 
dimensions and more irregular peak intensities.10,12 The additional peaks observed in the 
H1/V1 region match the Bragg spacing ratios of a two-dimensional hexagonal lattice, as 
shown exemplarily for ChC16 in Fig. IV.7 (see Appendix B.5.4 for further details and 
X-ray data).  
The detected d spacings are indeed larger than those of H1, but by far not to such an 
extent as reported by Luzzati et al., who observed almost two times higher d values in 
the intermediate region than in H1.10 Moreover, common intermediate phases are of 
anisotropic nature, which is clearly in conflict with the isotropy noticed for the samples 
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in this concentration regime. And beyond that, the penetration scans gave no evidence 
of an intermediate phase for any of the investigated choline soaps. 
 
 
Fig. IV.7 SAXS spectra of (A) 74.8 wt% ChC16 (T= 60°C) and (B) 79.3 wt% ChC16 
(T= 50°C), representing biphasic samples of a potential intermediate phase and H1 (A) or, 
respectively, V1 (B). Theoretical peak positions are indicated by the vertical lines with the 
corresponding Miller indices outlined above (complex hexagonal (--), H1 (···) and Ia3d (-·-)). 
The bump around q= 4 nm-1 is due to the Kapton foil. 
An alternative approach would be to index these additional peaks by another cubic 
lattice, namely I4132,55,56 which is a subgroup of Ia3d (see Appendix B.5.4). However, 
reflections of fourth and fifth order (d310 and d222) are all missing in this case. 
Consequently, the complex hexagonal structure represents a better fit of the data, since 
the reflections could be assigned in increasing order without extinctions in-between 
them. 
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For the H1-V1 transition, Rancon and Charvolin suggested an epitaxial relationship 
between the 211 plane of Ia3d and the 100 plane of the hexagonal lattice.50 
Accordingly, 2 d211 / √3 of Ia3d should equal d100 of H1,50 which however could not be 
confirmed by the present set of data. This either rules out an epitaxial relationship of H1 
and V1 or in turn supports the existence of an additional phase between H1 and V1. At 
the moment, no unambiguous conclusions can be drawn on whether an intermediate 
phase, an additional cubic phase, or any extra phase at all exists between H1 and V1. 
IV.2.3.5. Bicontinuous Cubic Phase V1 
In a bicontinuous cubic phase, the aggregates form a three-dimensional network 
extending throughout the sample. The structures formed are well described by infinite 
periodic minimal surfaces (IPMS),20,57,58 i.e. surfaces whose mean curvature is zero at 
all points. Most commonly obtained in V1 phases of lipid-water systems is the Ia3d 
group, which corresponds to the “gyroid” (G) type surface, having a negative Gaussian 
interfacial curvature.20,58 The V1 phase of choline soaps also belongs to the Ia3d 
symmetry, as confirmed by up to six assigned reflections (see Fig. IV.8).  
 
Fig. IV.8 SAXS spectrum of V1 of ChC16 (85.5 wt%, 50°C), revealing Ia3d symmetry. The 
vertical lines mark the theoretical peak positions with the corresponding Miller indices outlined 
above. 
As observed for H1, the peaks are shifted to lower d values when the surfactant 
concentration is increased and to higher d values when longer alkyl chains are used (cf. 
Table IV.2). In the framework of the IPMS concept, the length of the lipophilic part and 
the area per surfactant headgroup cannot be calculated in a simple manner. However, 
the determined unit cell parameters a (Table IV.2) are generally in the same order of 
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magnitude as those of other mono-ionic surfactants.11,19,59 Towards higher soap 
concentrations, a decreases as the effective alkyl chain length is increased and the 
effective headgroup area diminished. Addition of two CH2 groups enlarges reasonably 
the unit cell by about 5-10 Å.14 
 
Table IV.2 Results of SAXS analyses for V1 of ChCm soaps with Ia3d structure, with the 
volume fraction of surfactant ΦS, the temperature T, the experimental d-values of the respective 
first order reflection and the unit cell parameter a. Samples of ChC12 up to 89.5 wt% as well as 
79.3 wt% ChC16 and 75.7 wt% ChC18 are potentially biphasic as discussed in the text. 
 wt% ΦS T /°C d211/Å a /Å 
ChC12 
86.9 0.871 25 31.1 76.2 ± 0.1 
89.5 0.897 25 30.8 75.6 ± 0.2 
91.5 0.916 25 30.4 74.6 ± 0.2 
94.0 0.941 25 30.2 74.0 ± 0.2 
97.5 0.975 60 29.0 71.1 ± 0.2 
ChC14 
79.8 0.803 60 34.0 83.1 ± 0.1 
83.3 0.837 25 35.1 86.3 ± 0.5 
85.5 0.859 20 34.5 84.8 ± 0.3 
90.4 0.906 25 33.6 82.6 ± 0.3 
93.2 0.934 35 32.9 80.7 ± 0.3 
95.1 0.952 45 32.4 79.7 ± 0.4 
ChC16 
79.3 0.800 50 39.0 95.8 ± 0.4 
85.5 0.860 50 38.1 93.4 ± 0.2 
89.3 0.897 50 37.6 92.1 ± 0.1 
ChC18 
75.7 0.766 70 42.2 103.3 ± 0.3 
79.8 0.806 70 41.1 101.4 ± 0.4 
IV.2.3.6. Lamellar Phase Lα  
The lamellar or “neat” phase, in which surfactants are arranged in bilayers, is the most 
common structure among all liquid crystals. This phase is not only of biological 
relevance with respect to cellular membranes, but also occurs in daily life products such 
as hand soaps. However, the region of Lα formed by choline soaps up to m= 18 is rather 
small. The results of SAXS analyses are summarized in Table IV.3, while 
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corresponding diagrams are shown in the Appendix B.4. As in the other liquid crystals, 
reflections shift to lower d values with increasing surfactant concentrations due to a 
closer packing of the bilayers, and to larger d values for longer alkyl chains (Table 
IV.3). 
 
Table IV.3 Structural parameters of the lamellar phase formed by ChCm soaps with m= 14-18, 
comprising the experimental d-values, the ratio of the lipophilic bilayer thickness dL and the all-
trans alkyl chain length lmax, the difference of the surfactant length rS and the lipophilic half-
length rL (representing the headgroup-counterion layer), and the thickness of the water layer dW. 
 wt% ΦS d100 /Å (dL / lmax ) /Å (rS - rL) /Å dw /Å 
ChC14 
95.1 0.952 29.4 1.03 4.7 1.4 
97.5 0.976 29.0 1.04 4.8 0.7 
ChC16 
92.0 0.923 32.6 1.01 4.7 2.5 
94.0 0.942 32.2 1.02 4.7 1.9 
95.3 0.955 32.1 1.03 4.7 1.4 
97.5 0.976 31.7 1.04 4.8 0.8 
ChC18 
85.7 0.863 36.1 0.97 4.5 4.9 
90.2 0.906 35.5 1.00 4.6 3.3 
96.0 0.962 34.9 1.04 4.8 1.3 
The half-length of the lipophilic bilayer rL increases more or less linearly with the 
concentration (Fig. IV.9 (A)). Thereby, rL is on average around 50% smaller than lmax 
for all investigated chain lengths. In other words, the total bilayer thickness equals 
approximately 1.0 lmax for all m values, which indicates high disorder of the paraffinic 
chains.46 The water layer dw (Table IV.3) is very small due to the high soap 
concentrations. The headgroup and counterion layer (rS - rL) covers about 4.7 Å in 
thickness, irrespective of the concentration and the chain length. This appears quite 
small when noting that the length of an extended choline ion is about 8 Å. A possible 
explanation for this finding is that choline is arranged in the layer with its long axis 
perpendicular to the director plane. 
As in H1, the effective cross-sectional area aS is more or less equal for different m 
values and decreases with growing surfactant concentration, from about 44 Å2 to 40 Å2 
(Fig. IV.9 B). Again, choline surfactants show significantly larger aS values than alkali 
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soaps. For instance, a headgroup area of aS= 34.2 Å2 was reported for the lamellar phase 
of KC18 at 82.3 wt% and 86°C.53 For comparison, ChC18 requires 43.6 Å2 at 85.7 wt% 
and 70°C. This confirms the reported notion of a low counterion to headgroup 
association for carboxylate systems with large (or “soft”) counterions.35,60 
 
 
Fig. IV.9 Half-length of the lipophilic bilayer rL (A) and cross-sectional area at the polar-
nonpolar interface aS (B) in the lamellar phase of ChCm surfactants plotted as a function of 
volume fraction surfactant ΦS (ChC14( ), ChC16 ( ) and ChC18 ( )).The error bars were 
calculated assuming uncertainties of Δq= 0.01 nm and ΔΦL= 0.01. 
 
IV.3. Conclusions 
Aqueous binary phase diagrams of ChCm soaps with m= 12-18 have been established 
over a temperature range of 0-90°C with the help of polarizing microscopy and small-
angle X-ray scattering. In analogy to alkali soaps, choline carboxylates start forming 
liquid crystals at around 26-29 wt%. Although the basic phase behavior of ChCm salts 
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is similar to that of other mono-anionic surfactants, some outstanding characteristics 
have been revealed. For instance, with choline as counterion two discontinuous cubic 
phases extending over large concentration intervals occur up to m= 18. The sequence of 
the subsequent mesophases towards higher concentrations was confirmed to be H1 - V1 - 
Lα, although the existence of an intermediate phase between H1 and V1 cannot be 
excluded. In contrast to the alkali soaps, the V1 phase is formed also by long-chain 
members of the choline series, while the domain of Lα is relatively small. The use of 
choline as counterion in fatty acid soaps apparently promotes mesophases of high 
curvatures. As evidenced by the presented X-ray data, this behavior can be ascribed to 
comparatively large headgroup areas originating from the bulky and highly dissociated 
choline ion. Another essential feature of the obtained phase diagrams is the very low 
Krafft boundary of ChCm surfactants even at high concentrations. For instance, ChC12 
shows no Krafft phenomenon down to 0°C up to 93 wt% ChC12 in water. By contrast, 
the corresponding sodium and potassium homologues require, at similar concentrations, 
far more than 100°C to form liquid crystals.7  
The reported phase diagrams further emphasize the potential of choline fatty acid soaps 
as promising alternatives to common anionic surfactants due to their extraordinary 
water solubility up to high concentrations and their inherent biocompatibility. 
IV.4. Experimental 
IV.4.1. Materials and Sample Preparation 
Choline soaps were synthesized and purified as described previously.1 The resulting 
white crystalline powders were dried for at least two days in a desiccator and then 
stored in a nitrogen glove box.  
Lyotropic liquid crystals were obtained by weighing the appropriate surfactant amount 
into glass ampoules of 1 cm diameter under N2 atmosphere in order to gain exact 
concentrations and to prevent water absorption, given that neat choline soaps are 
hygroscopic. Subsequently, Millipore water was added such that the final total sample 
mass was about 0.3 g. Afterwards, the ampoules were immediately flame sealed. 
Adequate mixing was achieved by repeated centrifugation at around 5000 rpm for a 
minimum of two days at 40°C. The homogenized samples were kept at 25°C in a 
thermostat for at least 48 hours to allow for equilibration. To further ensure that 
Aqueous Phase Behavior of Choline Carboxylate Surfactants 
72 
thermodynamic equilibrium was in fact reached, samples were checked regularly over a 
period ranging from two days up to two years. 
IV.4.2. Methods 
IV.4.2.1. Penetration scan 
Penetration scan studies were conducted on a Leitz Orthoplan polarizing microscope 
(Wetzlar, Germany) equipped with a JVC digital camera (TK-C130) and a Linkham hot 
stage comprising a TMS90 temperature controller (± 0.5°C) and a CS196 cooling 
system. Images were recorded at a magnification of 100x. The heating or cooling rate 
was in all cases 10°C min-1. Transition temperatures on cooling were found to be up to 
4°C lower than on heating. Penetration scans were performed by trapping a small 
amount of dry substance between microscopy slides. Subsequently, a drop of water was 
added at the border of the sample, which then slowly diffused towards the centre. 
Distinct rings appeared along the surfactant-water concentration gradient showing the 
distinct mesophases, which in turn can be identified by their characteristic optical 
textures.26,61 In addition, by slightly pushing the sample, relative viscosities can be 
estimated and used as further evidence for phase identification. 
IV.4.2.2. Phase Diagrams 
Concentration- and temperature-dependent mappings of the phase diagrams were first 
done by visual observation between crossed polarizers in steps of 2.5 wt% and 2-5°C. 
Afterwards, steps were refined near the phase boundaries. The temperature of the 
samples was controlled by placing tubes in a water bath with an accuracy of ± 0.1°C. 
Specimens were investigated over a temperature range of 0-90°C with a heating rate of 
about 1-2°C per hour. Phase changes were detected by direct visual inspection of the 
samples between crossed polarizers. Cubic phases can be distinguished by their optical 
isotropy, transparency, and extremely high viscosity, while the hexagonal phase is for 
example featured by high viscosity, transparency and optical anisotropy. The phase 
boundary between the micellar solution L1 and the discontinuous cubic phase I1 could 
be easily recognized by a sudden increase of viscosity. Samples were repeatedly 
checked over extended periods of time (from 2 days up to 2 years). No remarkable 
changes with time could be discerned except for minor differences within the two-phase 
regions in some cases. The good agreement over this long time period indicates on the 
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one hand that an ageing time of about 48-82 hours is already sufficient to achieve 
thermodynamic equilibrium and, on the other hand, that the samples are long-term 
stable. 
IV.4.2.3. Krafft Points 
The Krafft boundary within the L1 phase was determined by turbidity measurements 
using an custom-designed automated setup built in-house.14,62 Samples were placed in a 
computer-controlled thermostat and, if necessary, cooled until precipitation occurred. 
Turbidity was monitored by detecting the transmitted light supplied by a LED with a 
light-dependent resistor (LDR). The clearing temperature obtained by heating with a 
rate of 1°C per hour was taken as the Krafft temperature. 
IV.4.2.4. Density Measurements 
In order to be able to evaluate the molecular volume of the surfactants, the densities (ρ) 
of aqueous ChCm solutions were determined at 25°C for concentrations between 1 and 
20 wt% using a vibrating tube densimeter (Anton Paar DMA 60). The instrument was 
calibrated by measuring purified dry nitrogen and water. 
IV.4.2.5. Small-Angle X-ray Scattering 
SAXS measurements were performed on three different setups, due to limited 
availabilities and distinct specific demands such as the variation of detectable scattering 
angles, control of temperature, or the recording of two-dimensional X-ray patterns. 
Detailed information on the utilized SAXS instruments and on which samples were 
measured on each instrument is given in the Appendix B.4. Spectra were not corrected 
for the empty cell scattering, since subtraction produced negative data in some instances 
due to temperature-induced transmission changes. However, absolute intensities are not 
required, as all SAXS data were analyzed crystallographically. Measured intensities are 
outlined as a function of the scattering vector q which is defined as q= 4π/λ sin(θ/2), 
where θ is the scattering angle and λ the wavelength of the X-rays. 
IV.4.2.6. Calculations 
To calculate the length or radius of the lipophilic part rL and the effective cross-
sectional area at the polar-nonpolar interface aS from the X-ray data, the volume fraction 
of the surfactant ΦS and of the lipophilic part ΦL are required. ΦS is given by Equation 
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(IV.2), wherein c denotes the weight fraction of surfactant and ρSurf and ρW are the 
densities of surfactant and water (ρW= 997.1 g L-1), respectively. Values for ρSurf were 
obtained by extrapolating the densities measured for samples of different concentrations 
to 100% surfactant (see Table IV.4). 
-1(1- )
= 1+
⎛ ⎞⎜ ⎟⎝ ⎠
ρΦ ρ
Surf
S
W
c
c
 (IV.2)
Based thereon, ΦL can be calculated according to Equation (IV.3) where VS and VL 
designate the volume of surfactant and the lipophilic part, respectively.  
L
L S
S
V
Φ = Φ
V
 (IV.3)
From the density measurements, the molar volume of surfactant and thus the volume of 
one surfactant molecule VS can be derived (Table IV.4).  
Table IV.4 Density ρSurf and volume VS of one surfactant molecule of ChCm salts with m= 12-
18 at 25°C. The volume of the lipophilic part VL and the length of the fully extended alkyl 
chains lmax were calculated according to the expression introduced by Tanford.60 
 ρSurf / g L-1 VS / Å3 VL / Å3 lmax / Å 
ChC12 979.0 515 323 15.4 
ChC14 968.9 568 377 17.9 
ChC16 956.4 624 431 20.5 
ChC18 947.8 679 485 23.0 
 
The volume of the paraffinic chains VL can in turn be estimated by using the known 
densities of corresponding alkanes or via the expression of Tanford.52 In order to allow 
for a comparison with the experimentally determined lipophilic radii, Table IV.4 further 
includes the maximum (fully extended) lengths of the respective alkyl chains, which can 
also be calculated by the expression of Tanford.52 
With the interlayer spacing d, given by the position of the first scattering peak 
(d= 2π/q), the radius of the lipophilic part rL and, subsequently, the cross-sectional area 
aS at the polar-nonpolar interface in hexagonal phases can be obtained as follows:10 
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For lamellar phases, the half-thickness of the lipophilic bilayer rL and the cross-sectional 
area aS are defined as expressed by Equations (IV.6) and (IV.7).10 
2
L
L
Φr =d  (IV.6)
= LS
L
Va
r
 (IV.7)
The length of one surfactant molecule rS can finally be calculated by exchanging the 
lipophilic volume fraction for the surfactant volume fraction in Equations (IV.4) and 
(IV.6). 
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Chapter V Thermotropic Phase Behavior of 
Choline Soaps 
 
As depicted in chapter IV, choline carboxylates (ChCm with m= 12-18) show a rich 
self-assembly behavior in water. In the following, the thermotropic mesomorphism of 
anhydrous ChCm salts for m= 12-18 is presented. Transition temperatures and 
enthalpies determined by differential scanning calorimetry reveal that all investigated 
compounds exhibit three different phases between -20°C and 95°C. The phases were 
further characterized by optical polarizing microscopy, NMR spin-spin relaxation and 
X-ray scattering measurements. The nature of the phases was identified with increasing 
temperature as crystalline, semi-crystalline and liquid-crystalline lamellar. Even long-
chain choline carboxylates (m= 18) were found to melt into a lamellar liquid-crystalline 
phase below 100°C. Accordingly, with choline as counterion in simple fatty acid soaps, 
not only the water solubility is considerably enhanced but also the melting points are 
substantially reduced, hence facilitating thermotropic mesomorphism at temperatures 
between 35 and 95°C. Thus, simple choline soaps with m= 12-18 may be classified as 
ionic liquids.  
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V.1. Introduction 
Choline represents a promising source for the design of sustainable biocompatible 
compounds. Although choline derivatives such as lecithin have been characterized 
physico-chemically,1-4 the application of choline as simple counterion has for long been 
neglected. As shown chapter II and IV, choline is effective in reducing the Krafft point 
of fatty acid surfactants.5-7 Its use permits also to decrease the melting points of salts 
below 100°C, either as additive in deep eutectic solvents,8,9 or as counterion in ionic 
liquids with anions such as lactate,10 saccharinate,11 derivatives of phosphate12 or 
acesulfamates.13 Likewise, short-chain alkanoates were found to form ionic liquids with 
choline.14,15 However, up to date, only the melting temperatures to an isotropic liquid 
phase were reported and no thermotropic mesomorphism has been detected.  
It is well known that common soaps such as sodium and potassium salts of fatty acids 
are featured by a rich and complex thermotropic phase behavior.16-18 For instance, 
anhydrous sodium soaps with alkyl chain lengths of m= 12-18 exhibit at least five 
liquid-crystalline allotropic phases at temperatures ranging from 100-320°C.19-21 Even 
short-chain sodium alkanoates (with less than seven carbon atoms) were found to form 
mesophases, but at temperatures approximately 100°C higher than the long-chain 
alkanoates.16,22,23 Generally, Krafft and melting temperatures correlate.24 In the alkali 
soap series, Krafft points shift to lower temperatures as the size of the cation 
increases.25,26 The bulky choline ion simply continues this trend, enabling the use of 
long-chain derivatives with up to m= 16 at ambient temperature.5 In the case of melting 
to either liquid crystals or isotropic liquids, alkali soaps exhibit transition temperatures 
which are the higher the larger the cation (with Li+ being a partial exception).18,27-29 The 
question now arises if long-chain choline alkanoates follow the tendency of the alkali 
homologues or whether they have lower melting points in line with the observed 
formation of ionic liquids with choline. Since choline soaps show at least five different 
liquid-crystalline structures in aqueous mixtures, the neat soaps are expected to display 
thermotropic mesomorphism. 
Therefore, the thermotropic phase behavior of anhydrous ChCm surfactants for alkyl 
chain lengths ranging from m= 12-18 has been studied. To that end, thermal stabilities 
were evaluated by thermogravimetric measurements, while transition temperatures and 
enthalpies were determined by differential scanning calorimetry (DSC) between -20°C 
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and 95°C. The detected phases were characterized by optical polarizing microscopy, 
NMR spin-spin relaxation and small- (SAXS) as well as wide-angle X-ray scattering 
(WAXS) measurements.  
V.2. Results and Discussion 
V.2.1. Decomposition Temperatures 
Table V.1 lists decomposition temperatures of the studied choline soaps, which were 
obtained from the onset of mass loss. Since ChCm surfactants consist exclusively of 
organic material, the thermal stability is limited up to about 200°C. Thereby, Tdec values 
increase linearly by 1.9°C per additional CH2 group. Common alkali soaps are 
thermally more stable (over 350°C), 21,30-33 whilst other mono-anionic surfactants such 
as sodium dodecyl sulfate (Tdec= 222°C)34 are in the same order of magnitude as choline 
soaps. The decomposition temperatures of short-chain choline carboxylates (m= 2-10) 
have been determined recently by Petkovic et al. They vary in a non-linear manner from 
169°C to 166°C, and are therewith somehow slightly lower than expected on the basis 
of our experiments. Discrepancies might originate from different heating rates.14  
Table V.1 Decomposition temperatures (Tdec) of ChCm surfactants for m= 12-18 
 as determined by thermogravimetric measurements. 
m Tdec /°C 
12 191 
14 195 
16 199 
18 202 
 
V.2.2. Differential Scanning Calorimetry 
Visual observations of neat choline soaps in flame-sealed test tubes showed that all the 
compounds melt into an isotropic liquid phase between 120-150°C. This is 
accompanied by a strong dark-brown coloration. Obviously, choline soaps undergo an 
internal decomposition when heated over 100°C. Therefore, in order to exclude the 
influence of decomposed byproducts, we limited the temperature range in the following 
studies to below 95-100°C. 
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It is well known that melting temperatures and enthalpies of freshly melted samples can 
differ from reheated ones due to the formation of polymorphic metastable phases.35 
Indeed, the first cycle may differ from the subsequent ones, whereas the second and 
third cycle should be equal within the experimental error, demonstrating reproducibility 
and validity of the measurements (tight specimen holder and non-degraded substance). 
Therefore, three DSC cycles for each compound were recorded and Fig. V.1 displays as 
an example those of neat ChC12 and ChC16 (those of ChC14 and ChC18 are given in 
Appendix C.2).  
 
 
Fig. V.1 DSC curves of neat ChC12 (A) and ChC16 (B) between -20°C and 95°C, showing 
three heating and cooling cycles in comparison, each exhibiting two prominent phase 
transitions. The transition temperatures and enthalpies of the freshly melted compound (first 
cycle) are slightly different from the re-heated ones, while the second and third heating-cooling 
cycles are identical. 
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For ChC12, differences between freshly melted and reheated samples are rather small 
(∆T ≤ 0.7°C), while deviations are evident in the case of ChC16 (∆T = 5.6°C). These 
mainly concern the first peak occurring on heating, indicating that it represents a 
transition from a different crystalline polymorph. In turn, the second and third heating 
and cooling cycles of all investigated compounds agree among each other within less 
than 0.5°C. For interpreting and comparing the thermograms of the different chain-
lengths homologues, the second heating and cooling cycle of each compound is 
considered in the following. 
Fig. V.2 gives a comparison of the thermograms of re-heated ChCm surfactants for m= 
12-18. All investigated choline soaps show two reproducible and relatively sharp first-
order transitions between 10°C and 94°C, both being associated with a considerable 
enthalpy change. Transitions on cooling often occur with a certain hysteresis due to 
slow nucleation.36 In the present case, super-cooling is much more pronounced for the 
low-temperature (∆T = 18-23°C) than for the high-temperature (∆T = 5-7°C) transition.  
 
Fig. V.2 The second heating and cooling DSC cycles of ChCm surfactants for m= 12-18, 
illustrating that all studied choline surfactants undergo two phase transitions between -20°C and 
95°C.  
Since a large hysteresis is typical for crystalline materials and a small one is observed 
for liquid crystalline compounds,36,37 the different extents of super-cooling already 
indicate the basic nature of the occurring phases. Taking into account all collected data, 
the phases observed with increasing temperature can be classified as crystalline (Cr), 
semi-crystalline (CrM) and liquid-crystalline (smectic-A (SmA)). The measured 
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thermograms indeed show some systematic tendencies depending on the chain length, 
but overall they look similar and hence suggest an equal general phase behavior. Only 
ChC14 differs slightly from the other homologues in that a double peak is discerned on 
cooling for the CrM to Cr transition. Given that only a single peak is observed on 
heating, this can most probably be attributed to the formation of a metastable crystalline 
phase, which is subsequently converted to a more stable form. 
The transition temperatures are displayed as a function of the alkyl chain length m in 
Fig. V.3. Temperatures of both transitions, Cr to CrM and CrM to SmA, increase 
linearly with growing alkyl chain length, on heating as well as on cooling. The 
formation of SmA appears to be affected more strongly by the addition of a CH2 group 
(increase by ~ 4°C, ranging from 68.4°C for m= 12 up 92.6°C for m= 18) than that of 
CrM (~ 2°C, ranging from 34.7°C to 52.6°C for m= 12-18).  
 
Fig. V.3 Phase transition temperatures of ChCm surfactants as a function of chain length m 
(taken from the second DSC cycle). Empty symbols mark transition temperatures determined on 
heating (( ) crystal (Cr) → semi-crystalline (CrM) and ( ) CrM → liquid crystal (smecticA 
(SmA)), while crossed symbols represent those detected on cooling. 
The variation of the transitions temperatures with alkyl chain length suggests that in 
both processes the interactions of paraffinic chains are the dominant forces.36, 37 In the 
case of alkali soaps, melting temperatures within the various polymorphic crystalline 
states increase with the chain length, whereas they decrease (with some exceptions) for 
the conversion to liquid crystals or isotropic liquid.26, 38 The melting process or 
mechanism of choline soaps seems therewith to be somewhat distinct from that of their 
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alkali counterparts. A more detailed discussion of these data including the transition 
enthalpies is given after the sections describing microscopy, X-ray and NMR data. 
V.2.3. Polarizing Optical Microscopy 
By means of polarizing microscopy, a first identification of the phases formed by 
choline soaps between -20 and 95°C can be achieved. Generally, phase transitions can 
be traced more easily on cooling where crystallization occurs quickly, while on heating 
the exact temperature range of crystal “melting” is more difficult to determine. Fig. V.4 
shows a series of micrographs of ChC12 at different temperatures, obtained from the 
first cooling cycle. The high-temperature phase can readily be identified as a lamellar 
liquid-crystalline phase (smectic-A) by its characteristic oily streak texture and its 
relatively low viscosity. 
 
Fig. V.4 Optical polarizing microscopy images of neat ChC12 at different temperatures with 
100x magnification. Micrographs were taken from the same spot in the sample during the first 
cooling cycle (cooling rate 10°C min-1) and visualize the three phases formed between -20°C 
and 100°C. At high temperatures (≥ 65°C), oily streak focal conic textures of low viscosity are 
observed, typical for a liquid-crystalline lamellar phase (smectic A). At 64-63°C, birefringent 
crystallites start to grow, accompanied by a sudden increase of viscosity. The virtual phase 
transition of SmA to CrM takes place within approximately 2°C. On further cooling, the 
appearance of the sample changes gradually over a wide range of temperature, first becoming 
darker and then birefringent. At 15 to 7°C, the whole sample crystallizes forming a birefringent 
solid material. 
The other studied homologues also show a liquid-crystalline lamellar phase at high 
temperatures (see Appendix C.5 for corresponding images). The first phase transition 
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discerned on cooling (SmA to CrM) occurs for all investigated m values quickly (within 
1-3°C), which fits well to the sharp peaks observed in the DSC curves (cf. Fig. V.2). 
Moreover, microscopy analyses of ChC12 confirm the DSC transition temperature of 
SmA to CrM. For m= 14-18, the conversion from SmA to CrM takes place under the 
microscope at slightly higher temperatures than detected by DSC on cooling, 
approximating rather the transition temperatures obtained from DSC heating curves. 
The cooling rate chosen in the microscopy study (10°C min-1) was faster than that in the 
DSC measurements (1°C min-1) and would be expected to give a larger super-cooling 
effect. However, the contact surface of the sample between the microscopy slides is 
considerably larger than in the DSC vessels. A probable explanation for disagreements 
between DSC and microscopy analyses is that the larger surface acts as a nucleation site 
for the crystals and thereby attenuates the super-cooling effect.  
Nevertheless, the SmA to CrM transition can be easily recognized under the microscope 
by a sudden increase of viscosity and change of texture. ChC12 additionally forms some 
birefringent crystallites with sharp edges. These crystallites were not observed in all 
experiments (or maybe they were simply not obvious), which might be ascribed to 
varying sample thicknesses. Mostly, it seems as if the basic structure of the lamellar 
phase is conserved in the CrM phase, but now being rigid. For all investigated chain 
lengths, it was reproducibly found that the birefringent, highly viscous texture of CrM 
changes gradually over a broad temperature range and that the material shrinks, 
meaning that the density of the substances increases continuously. This is exactly the 
behaviour expected for a surfactant gel (Lβ) phase with rigid and (mainly) all-trans alkyl 
chains.39 On further cooling, ChC12 crystallizes entirely and forms a birefringent solid 
material with distinct texture (see Figure 5). This transition (CrM to Cr) extends over a 
relatively large temperature interval (approximately 8°C). Once the formation of Cr is 
complete, the texture does no longer change down to -20°C. The other soaps studied 
behave similarly in terms of the broad transition of CrM to Cr and the temperature 
insensitivity of Cr. In turn, while the transition temperatures are well reproducible, the 
texture of Cr looks different from time to time, which might indicate differing 
crystalline structures. Nevertheless, it can be concluded that the low-temperature phase 
of all studied ChCm surfactants is solid crystalline. 
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V.2.4. NMR Spin-Spin Relaxation Time T2eff 
Proton (1H) NMR is little used to study crystalline and liquid crystalline phases because 
the non-averaged dipole-dipole couplings between all the hydrogens in the molecule 
result in the observation of broad spectra with few well-defined features.40-42 However, 
the characteristic time constant (T2eff) for the decay of the NMR signal from the broad 
line feature (the free induction decay, FID) does reflect some “average” degree of 
molecular order. The more ordered the system, the lower the value of T2eff. The intensity 
of the signal is directly proportional to the number of hydrogen atoms present in the 
system. Thus for two groups of hydrogens with different degrees of order there are two 
decays, each with a different T2eff value and having intensities proportional to their 
concentration.42 The T2eff values can be derived from the time at which the normalized 
signal has decayed to 1/e of the initial value. In previous studies on conventional 
surfactants the values of T2eff have been found to be very different for different phase 
states. For crystalline surfactants, gel phases and lamellar phases the values were 
< 10 μs, 20-30 μs, and ca. 100 μs respectively.42-44 Normal liquids give values > 1 ms; 
thus it is possible to distinguish between different phases, particularly when there is 
other information available on the phases present.  
Principally, all curves follow a single decay which can be described as arising from a 
mixture of Gaussian and Lorentzian line shapes.40, 41 Single decays are observed for 
most of the curves. But close to the phase boundaries some of the spectra show two 
different decays (see Appendix C.6 for details). Thus, it can be concluded that all three 
phases of neat choline carboxylate surfactants occurring between -20°C and 95°C are 
truly mono-phasic, also the middle-temperature one (CrM). Fig. V.5 displays the T2eff 
values determined for neat choline soaps at different temperatures on heating as well as 
on cooling. 
In the low-temperature phase, the T2eff relaxation rate is for all choline soaps studied 
rather fast (3-5 µs), similar to values for other crystalline surfactants. In turn, this means 
that the molecular motion is almost completely restricted such as in well-ordered solid 
crystalline materials. Moreover, similar T2eff relaxation times have been reported for 
crystalline polyethylenes.45 Thus, the NMR measurements confirm the crystalline nature 
of the low-temperature phase. Further, with rising temperature, the T2eff values increase 
suddenly by a factor of 4.5-6, in agreement with the transition temperatures obtained by 
DSC. The higher T2eff times reflect a reduction of the molecular ordering and an 
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increment of the molecular motion. However, for liquid-crystalline materials, where the 
paraffinic chains possess the dynamics of liquid alkanes, the relaxation rates are too 
fast.  
 
 
Fig. V.5 Variation of the decay constant T2eff of ChCm surfactants (m= 12-18) with temperature. 
Data were obtained by heating (top) and cooling (bottom) freshly melted samples. The vertical 
lines indicate the transition temperatures as detected by DSC. The fast relaxation constants at 
low temperatures are typical for solid crystalline phases (Cr), while the slow ones at high 
temperatures are characteristic for liquid-crystalline compounds (SmA). The T2eff values (20-
30 µs) of the middle-temperature phase (CrM) reflect an increased molecular motion as 
compared to solid crystalline materials, but still with a high degree of order and restricted 
molecular mobility (similar to the values for gel (Lβ) phases). 
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Obviously, the middle-temperature phase is featured by some degree of chain freedom 
and mobility, as seen for gel phases of other surfactants.43,44 The T2eff times of CrM 
range from 20-30 µs for different m values and temperatures. No simple variation of 
T2eff with varying alkyl chain length is obvious, as expected if a gel phase is formed. On 
further raising the temperature, the T2eff values rise steeply to 100-200 µs for ChC12 and 
ChC14, according to the phase transition temperatures measured by DSC. The longer 
T2eff values of ChC12 and ChC14 in SmA and their temperature sensibility indicate a 
substantial increase of molecular dynamics. Generally, the order of magnitude of T2eff in 
SmA is consistent with that of liquid-crystalline phases.45,46 
V.2.5. X-ray Scattering as a Function of Temperature and 
Chain Length 
X-ray scattering provides a powerful method to elucidate structural details. Thereby, 
peaks at low angles reflect the superior packing of the molecules, i.e. lamellar, 
hexagonal, etc., whereas reflections at higher angles give evidence on the molecular 
level, i.e. on the packing and state of the hydrocarbon chains. Therefore, X-ray spectra 
covering a large q region were recorded for choline soaps as a function of temperature, 
on heating as well as on cooling. Fig. V.6 shows the small- and wide-angle X-ray 
scattering curves of ChC18 at various temperatures for two heating and cooling cycles. 
At low temperatures, all spectra display sharp reflections in the wide-angle regime, 
confirming the crystalline nature of the low-temperature phase. Upon increasing the 
temperature, the peaks at high angles gradually disappear and a bump arises at 
q≈ 15 nm-1, which indicates increasing disorder and fluidity of the hydrocarbon chains. 
At 90°C, the alkyl chains are finally molten and a lamellar liquid-crystalline phase is 
formed. On subsequent cooling, high-angle reflections reappear, proving the 
reproducibility of the phase transitions. Re-heating and re-cooling the sample generally 
leads to the same X-ray scattering profile as obtained for freshly-melted samples, with 
only slight deviations in some instances. 
The thermotropic phase behavior is basically similar for the different m values (the 
temperature-dependent X-ray spectra of the other homologues (m= 12-16) can be found 
in Appendix C.7). All studied choline soaps are crystalline at low temperatures and melt 
gradually when increasing the temperature before eventually transforming to a lamellar 
liquid-crystalline phase. 
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Fig. V.6 X-ray spectra of neat ChC18 as a function of temperature, determined for two heating 
and cooling cycles: (A) first heating (freshly melted sample), (B) first cooling, (C) second 
heating and (D) second cooling. At low temperatures, several sharp high-angle reflections are 
present, which are typical for crystalline paraffinic chains. When raising the temperature, wide-
angle peaks disappear stepwise, accompanied by the occurrence of a bump at around 
q= 15 nm-1. This indicates a gradual rather than a sharp melting of the hydrocarbon chains. At 
90°C, the alkyl chains are finally molten as evidenced by the characteristic diffuse peak at 
q= 13.4 nm-1, and a lamellar liquid-crystalline phase is formed. The diverse heating and cooling 
cycles confirm the reproducibility of the phase transitions. Note that the bump at around 
q= 4 nm-1 stems from the Kapton foil. 
However, the distinct phase transition to SmA is in the X-ray spectra shifted to lower 
temperatures compared to the DSC investigation. For instance, the DSC yields a 
transition temperature of 92.6°C for ChC18, whereas the X-ray spectra show the liquid-
crystalline lamellar phase already at 90°C. At this point, it has to be mentioned that the 
preparation of the samples for X-ray scattering experiments was, in contrast to the other 
experimental techniques, not carried out under inert atmosphere and that the specimen 
holder was sealed by Kapton foil. Attempts to measure in flame-sealed glass capillaries 
gave the problem of insufficient temperature control inside the sample due to 
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inhomogeneities of the powdery material. Thus, the present set of X-ray data suffers 
from partial hydration of the substances, which shifts the phase transitions to lower 
temperatures. 
Although the present X-ray investigations need further refinement and should be 
considered rather as a starting point, the following conclusions on anhydrous ChCm 
soaps can already be drawn assuming that the presence of very small amounts of water 
does not alter the overall phase behavior: 
1. At low temperatures, ChCm surfactants with m= 12-18 are crystalline. Even though 
the details of the crystalline structure (whether it is monoclinic, orthorhombic, etc.) 
are not yet solved, the presence of one simple lamellar crystalline phase consisting 
of hydrocarbon chain bilayers sandwiched between the ionic layers, which is 
commonly observed for long-chain aliphatic compounds,47 can be ruled out due to 
the presence of 3-4 small-angle reflections and their order of magnitude. The highest 
d-values range from 29.8 Å to 35.9 Å for m= 12-18 at 20°C. Assuming a length of 
approximately 16.5 Å for a fully extended C11H23COO- molecule and about 14 Å for 
two choline ions, the crystalline structure likely consists of interdigitated 
monolayers rather than bilayers. 
2. The existence of a conventional rotator or gel (Lβ) phase in the middle-temperature 
region (which occurs starting from 35-48°C, depending on m) of anhydrous ChCm 
soaps can be excluded due to persistent presence of several sharp high-angle 
reflections. Conventional Lβ phases give only a single reflection in this region and 
are formed at higher water contents as evidenced by penetration scans of ChCm 
surfactants.7 Small-angle reflections still indicate the presence of interdigitated 
monolayers. 
3. At high-temperatures (above 68-93°C, depending on m), a lamellar liquid-crystalline 
phase is formed, which agrees with the results gathered by the other experimental 
techniques. 
Considering the two sharp phase transitions monitored by DSC, the temperature-
dependent X-ray profiles confirm the melting at high temperatures to liquid crystals, 
however at more or less shifted temperatures. In contrast, the sharp phase transition 
identified in the DSC curves at low temperatures is not obvious at first glance in the 
diffraction pattern. Reflections at low as well as at high angles vanish upon heating, but 
in a stepwise rather than abrupt manner between one of the 10°C steps. The persistence 
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of the wide-angle peaks in the temperature range of CrM agrees well with the limited 
molecular mobility deduced from the spin-spin relaxation constants and the high 
viscosity suggested by the microscopy investigations. Consequently, the middle-
temperature phase CrM is probably characterized by a certain degree of chain 
flexibility, although maybe the paraffinic chains and also the polar layer are still 
arranged in a crystalline lattice. 
Going into detail on the high-temperature lamellar liquid-crystalline phase, Fig. V.7 
shows that the interlayer spacing d increases with growing number of carbon atoms in 
the alkyl chains according to Equation (V.1) (determined at 90°C by a least square 
linear fit (R= 0.9957)). 
 
Fig. V.7 Lamellar interlayer spacing d of neat choline soaps as a function of alkyl chain length 
m at 90°C. 
     d / Å = (11 ± 1) + (1.21 ± 0.08) m (IV.1)
Per additional CH2 group the bilayer grows by 1.21 Å, which is in good agreement to 
values reported in literature for the length of one “liquid” CH2 group (1.26 Å).48 
Extrapolation to m= 0 yields the thickness of the polar layer d0 (choline and carboxylate 
headgroup). The obtained value of d0= 11 Å appears reasonable when considering the 
length of a fully extended choline ion (≈ 7-9 Å). Using as an approximation the 
molecular volumes of choline soaps in the aqueous phase region (see Chapter IV),7 the 
thickness of the lipophilic bilayer dL and the cross-sectional area aS at the polar-
nonpolar interface can be estimated.7 Results are listed in Table V.2.  
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Table V.2 Thickness of the lipophilic (dL) bilayer and polar (d - dL) layer and the cross-sectional 
area (aS) at the polar-nonpolar interface of lamellar liquid crystalline phase formed by neat 
ChCm soaps (m= 12-18) at 90°C. 
m dL / Å d - dL / Å aS / Å2 
12 16.2 9.6 39.8 
14 18.6 9.4 40.5 
16 21.5 9.6 40.2 
18 23.5 9.4 41.3 
The paraffinic chains adapt 51-52% of the length of the respective fully extended alkyl 
chain,48 indicating a highly disordered state.39 The cross-sectional area aS varies in a 
non-linear manner for different m values between 39.8 Å2 and 41.3 Å2. The aS values 
seem to be in the same order of magnitude as those of sodium and potassium soaps, 
which range from 35.7 Å2 to 42 Å2 but were determined at much higher temperatures 
(271-310°C).26, 49 Thus, the cross-sectional areas of choline soaps in SmA at 90°C are 
judged to be rather large, most probably due to the bulkiness of the choline ion. The 
calculation of the polar layer leads to values around 9.5 Å and deviates therewith 
slightly to that obtained by the linear regression of the interlayer spacing. This can most 
probably be ascribed to the error resulting from the approximation of the molecular 
volumes. 
V.2.6. Transition Enthalpies and Entropies 
Plots of the transition enthalpies and entropies obtained by DSC are shown in Fig. V.8 
as a function of the alkyl chain length m. For both transitions, the enthalpies and 
entropies vary linearly with m (listed ∆H values can be found in Appendix C.4). The 
transition enthalpy of Cr to CrM decreases with growing paraffinic chain length by 
1.5 kJ mol-1 per CH2 group from 28.1 kJ mol-1 for m= 12 down to 19.2 kJ mol-1 for m= 
18. In contrast, enthalpies of CrM to SmA increase by 1.3 kJ mol-1 per CH2 group from 
9.0 kJ mol-1 for m= 12 to 16.8 kJ mol-1 for m= 18. An increase of ∆H with growing 
alkyl chain length can be likely deduced to increasing Van-der-Waals interactions. 
However, a decrease of ∆H with larger m values, as observed for the conversion from 
Cr to CrM, has not been reported to the best of our knowledge for mono-ionic 
surfactants.  
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Fig. V.8 Transition enthalpies (A) and entropies (B) of choline soaps as a function of the alkyl 
chain length m. Data were obtained from DSC scans between -20°C and 95°C for re-heated 
samples. Empty symbols mark enthalpies and entropies on heating (( ) crystal (Cr) → semi-
crystalline (CrM) and ( ) CrM → liquid crystal (smecticA (SmA)), and crossed symbols those 
on cooling ((?) CrM → Cr, (?) SmA → CrM). 
The comparatively large transition enthalpies of Cr to CrM (76%-53% of the total 
enthalpy change) indicate that the paraffinic chains are considerably disordered and 
partially molten in CrM. Only from that, one may conclude that the middle-temperature 
phase corresponds to a conventional Lβ phase,39,50 in which specific chain-chain 
interactions are lost and individual carbon atoms are able to rotate a few degrees within 
a hexagonal or quasi-hexagonal lattice.50. The assignment would also agree with the 
magnitude of ∆H (CrM → SmA) and the conversion to liquid crystals. However, the 
X-ray profiles of CrM still show several sharp high-angle reflections instead of one at 
4.2 Å and thus suggest a certain degree of crystallinity. This must involve the ionic 
groups, the major source of anisotropy. Neither the carboxylate headgroup nor the 
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choline ion possesses circular symmetry. Most probably, the hydroxyl group of choline 
is connected by a hydrogen bond to the COO- headgroup. Consequently, there will be 
differing arrangements of head groups in the plane perpendicular to the director – i.e. 
the crystalline phase is biaxial. Some of this structure could be carried over into the 
CrM phase, meaning that the CrM phase is also biaxial, and giving additional X-ray 
reflections in the high-angle region. 
When comparing the sum of the enthalpies (see Table V.3) with those of linear 
paraffins, the total enthalpy change of ChC12 (37.1 kJ mol-1) equals approximately that 
of dodecane fusion (36.8 kJ mol-1).26 Also, the total entropy change of ChC12 
(117.3 J K-1mol-1) complies well with a liquid-like state of the alkyl chains at high 
temperatures, being in the order of magnitude of dodecane or dodecanoic acid 
melting.26 It is worth noting that the enthalpy variation on cooling is slightly lower than 
on heating (cf. Table V.3), similarly as observed by Amorim Da Costa et al,35 although 
changes are probably within the experimental error.  
Table V.3 Sum of the enthalpies of ChCm surfactants (m= 12-18) obtained for re-heated 
samples from DSC scans between -20 and 95°C. 
 ∑∆Hheat /         kJ mol-1 
∑∆Hcool /          
kJ mol-1 
∑∆Sheat /           
J K-1 mol-1 
∑∆Scool /           
J K-1 mol-1 
ChC12 37.1 -36.6 117.6 -121.9 
ChC14 36.2 -34.5 112.5 -112.3 
ChC16 36.6 -32.9 109.9 -103.0 
ChC18 36.0 -34.0 105.7 -102.8 
Surprisingly, the total enthalpy change (Table V.3) does not increase with growing alkyl 
chain length as actually would have been expected.21 There are several feasible 
scenarios potentially explaining this discrepancy. 
Either, choline carboxylates with m> 12 are not in a liquid-crystalline state at high 
temperatures. However, this can likely be ruled out in light of the results obtained by 
other techniques.  
Alternatively, choline soaps with longer alkyl chains could possess another crystalline 
phase at temperatures lower than -20°C. This is also considered to be unlikely with 
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regard to the complete melting of ChC12 and the linear relationship between the 
transition temperatures and enthalpies and the alkyl chain length. 
Another possible reason refers to the nature of the crystalline phase. In the low-
temperature crystalline phases of alkali soaps, the paraffinic chains commonly adopt the 
minimum-energy all-trans configuration.51-53 Since with increasing alkyl chain length 
the probability of an all-trans configuration decreases, not all CH2 groups are probably 
in the low-energy all-trans state for larger m values, which seems particularly possible 
with choline as counterion due the large cross-sectional area at the polar-nonpolar 
interface (compared to alkali soaps).7 The partial “kinked” alkyl chain conformation 
allows a less efficient regular crystalline packing. Thus, the crystal lattice energy is 
lower for the longer-chain homologues, which is consistent with the decrease of ∆H 
(Cr → CrM) and the more or less constant total enthalpy change with increasing alkyl 
chain length. This hypothesis would also fit to the approximately constant total enthalpy 
change described for the different chain-length homologues of potassium soaps.54 The 
two to three different polymorphic crystalline phases of potassium alkanoates mainly 
differ by their number of hydrocarbon chain conformations.18 Unfortunately, only the 
crystalline phases of KC10 and their respective transitions have been investigated in 
detail,51,53 such that a comparison to the longer-chain derivatives cannot be established 
at the moment. 
The uncommon decrease of ∆H (Cr → CrM) with growing alkyl chain length could also 
rely on different degrees of disorder of CrM. In this case, CrM of ChC12 would be 
featured by a higher hydrocarbon chain flexibility than ChC18, possibly resulting from 
enhanced van-der-Waals interactions. However, such a scenario would not explain the 
constant total enthalpy change, which supports the above hypothesis of different energy 
contents in the crystalline state. 
V.2.7. Comparison to Alkali Soaps 
Generally, the thermotropic phase behavior of alkali soaps is complex and does not 
follow a simple trend with growing cation size. For instance, sodium alkanoates start 
forming diverse ribbon phases at around 100-117°C and melt not into a lamellar phase 
until 255-257°C.19-21,32,38 On the other hand, cesium alkanoates melt from a 
polymorphic crystalline directly into a lamellar liquid-crystalline phase.28 One rough 
property of the thermal mesomorphism of alkali soaps is that with increasing cation size 
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the lamellar arrangement becomes the major upper-temperature mesophase.26 In that 
context, choline can be considered as a continuation of this trend. Like cesium soaps, 
anhydrous choline carboxylates show only one mesophase (lamellar) upon heating, but 
at substantially lower temperatures. ChC12, for instance, melts at 68.4°C into a lamellar 
liquid-crystalline phase, whereas CsC12 requires 278°C.28 Actually, all investigated 
choline surfactants transform to a lamellar mesophase below 100°C and may thus be 
regarded as ionic liquids. This is generally consistent with the recent study of Petkovic 
et al. who found that short-chain choline alkanoates (m= 2-10) are ionic liquids with 
melting temperatures ranging from 26°C to 80°C.14 However, the reported melting 
temperatures correspond to the formation of an isotropic liquid phase. Since it has not 
been the focus of their study, the authors did not report thermotropic mesophases, which 
are supposed to be formed at least by ChC10 or ChC8. 
V.3. Conclusion 
Choline soaps with chain lengths of m= 12-18 were shown to exhibit three distinct 
phases between -20 and 95°C. Both phase transitions involve major enthalpy changes. 
At low temperatures, a crystalline phase (Cr) was identified, consisting probably of 
interdigitated monolayers with biaxial arrangement due to a feasible hydrogen bond 
between the choline ion and the carboxylate headgroup, both having non circular 
symmetry. The formation of the middle-temperature phase (CrM) occurs at 35°C for 
m= 12 and shifts linearly to higher temperatures up to 48°C for m= 18. The 
corresponding transition enthalpies decrease linearly in an uncommon fashion with 
growing hydrocarbon chain length, from 28.1 kJ mol-1 for m= 12 down to 19.2 kJ mol-1 
for m= 18. This decrease is may originate from different degrees of molecular ordering 
or packing in Cr when varying the alkyl chain length, which however remains to be 
proven. NMR investigations revealed an enhanced but still limited molecular mobility 
of CrM, which was found to be slightly sensitive to temperature. Optical polarizing 
microscopy images of CrM showed highly viscous birefringent textures (partially 
containing crystallites), which change gradually with temperature. The collected X-ray 
spectra indicate a gradual melting of the alkyl chains on heating over a large range of 
temperature, and rule out the presence of a conventional rotator phase (Lβ). We suppose 
that CrM is a biaxial semi-crystalline phase consisting of interdigitated monolayers with 
properties similar but not equal to a common gel phase. Probably the polar layer still 
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retains some order in CrM and the paraffinic chains are in view of the considerable 
enthalpy changes partially molten (the more the higher the temperature). 
The second phase transition occurs at 68°C for m= 12 and shifts linearly with increasing 
m towards higher temperatures up to 93°C for m= 18, with enthalpy values of 
9.0-16.8 kJ mol-1. Optical polarizing microscopy, spin-spin relaxation constants T2eff and 
X-ray spectra confirms that this transition corresponds to the complete melting of 
paraffinic chains and the formation of a lamellar liquid-crystalline phase (smectic A).  
Consequently, with regard to the size of the choline ion, choline soaps are in line with 
the trend of the alkali soap series, where the number of mesophases diminishes with 
growing cation size and mainly a lamellar liquid-crystalline phase is formed. However, 
the melting to liquid crystals is considerably shifted to lower temperatures with choline 
as counterion in fatty acid soaps. The traced thermotropic mesomorphism thus confirms 
the low melting temperatures of short-chain choline alkanoates and shows that even 
choline alkanoates with chain lengths of m= 12-18 may be classified as ionic liquids. 
V.4. Experimental 
V.4.1. Materials  
ChCm surfactants with m= 12-18 were synthesized and purified as described in 
Chapter II. The salts were obtained as white crystalline, hygroscopic powders and were 
subsequently stored in a nitrogen glove box. 
V.4.2. Methods 
V.4.2.1. Decomposition Temperatures (Tdec)  
Decomposition temperatures (Tdec) were measured using a thermogravimetric analyzer 
from Perkin-Elmer (TGA 7). Data were collected under a constant nitrogen flow with a 
heating rate of 10 K min-1. Tdec was taken as the onset of the mass loss and has been 
determined by the intersection of the baseline before decomposition and the tangent to 
the mass loss versus temperature in the following. The experimental curves are shown 
in Appendix C.1. 
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V.4.2.2. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) data were recorded on a Perkin-Elmer DSC 7. 
Approximately 10-20 mg sample were filled in aluminum pans and sealed in a nitrogen 
glove box. Scans were conducted in a temperature interval ranging from -20 to 95°C 
with a heating and cooling rate of 1°C min-1. At least three cycles were recorded for 
each compound. Temperature and enthalpy calibration was performed by measuring 
indium as a standard. Raw data were corrected for the empty aluminum pan in order to 
achieve a flat baseline. The position of the peak maximum was taken as transition 
temperature. Transition enthalpies were obtained by integrating over the whole peak 
area and calculated taking into account the known heating and cooling rate, the 
employed sample mass and the molar mass of the substance. 
V.4.2.3. Polarizing Optical Microscopy  
Optical microscopy was carried out on a Leitz Orthoplan microscope (Wetzlar, 
Germany) equipped with a JVC digital camera (TK-C130) and a Linkham hot stage 
operated with a TMS90 temperature controller (± 0.5°C) and a CS196 cooling system. 
The heating and cooling rate was 10°C min-1 in all experiments. Small amounts of the 
crystalline choline salts were trapped between microscopy slides under a nitrogen 
atmosphere. Measurements were conducted under a continuous nitrogen flow in order 
to prevent contact with air humidity. At least two heating and cooling cycles were 
recorded for each sample.  
V.4.2.4. NMR Spectroscopy 
NMR measurements were performed on a bench-top Maran Ultra NMR Spectrometer, 
which can be operated with either a proton or deuterium probe (10 mm diameter, 23.3 
MHz and 3.66 MHz respectively). The spectrometer was equipped with a centrifugal 
and membrane dryer to allow temperature cooling to 5°C (± 0.5°C). Powdered 
anhydrous choline salts were filled under a nitrogen atmosphere into high-precision 
NMR tubes from Wilmad Glass (10 mm diameter, 8 cm height), which were 
immediately flame sealed. The optimum sample depth was determined to be 8 mm. The 
number of scans for each spectrum was 32 with 1024 data points and a spectrum width 
of 2 MHz. 
Thermotropic Phase Behavior of Choline Soaps 
100 
V.4.2.5. X-ray Scattering 
X-ray scattering measurements were conducted with X-ray radiation provided by a 
sealed molybdenum tube (wavelength λ= 0.71 Å) on a bench built by XENOCS. The 
scattered beam was detected by a large two-dimensional automatic image plate system 
(MAR 345, MAR Research, diameter: 345 mm), having a resolution of 150 x150 µm. 
Given a sample-to-detector distance of 750 mm and due to an off-centered detection, the 
accessible q-region was 0.2-30 nm-1 with an experimental resolution of ∆q/q = 0.05. 
The used collimation system was a 12:∞ multilayer XENOCS mirror coupled to two 
sets of FORVIS scatterless slits,55 which reduces the beam area to 0.8 x 0.8 mm2. 
Samples were mounted in aluminum cells of 3 mm thickness sealed with Kapton foil. 
The acquisition time varied between 900-3600 s. Data are shown without empty cell 
subtraction since the investigated samples were of crystalline or liquid crystalline nature 
and only peak positions were important to determine. Two-dimensional spectra were 
integrated using the FIT2D software in order to obtain the scattered intensity as a 
function of the scattering vector q, which is defined as q= 4π/λ·sin(θ/2) with θ being the 
scattering angle. Temperature control was achieved by a home-built apparatus equipped 
with a heater resistance coupled to a Pelletier cooling base, allowing a temperature 
range of -10°C up to 120°C with ΔT= ± 5°C. 
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Chapter VI Solubilization of Stearic Acid by 
the Organic Base Choline 
 
 
 
As shown in Chapter I, the substitution of alkali ions in common fatty acid soaps by 
choline as counterion of biological origin increases the solubility of the respective soaps 
without lowering the biocompatibility. Nevertheless, while choline dodecanoate 
(ChC12), myristate (ChC14), and palmitate (ChC16) have Krafft points below room 
temperature or even under 0°C, choline stearate (ChC18) was not soluble below 40°C. 
In this chapter it will be shown that an excess of choline hydroxide is able to solubilize 
choline stearate at temperatures as low as 14°C. The results are compared to those 
obtained for the sodium and potassium salts of fatty acids with molar ratios of base to 
acid higher than 1:1. In order to elucidate the solubilization process with regard to 
specific counterion binding to the carboxylic headgroup, the effect of different chloride 
salts on the solubility of choline stearate was investigated. The findings indicate that the 
cation affinity to the carboxylate headgroup follows the trend Na+ > K+ >> Ch+. The 
results are discussed in terms of hydrolysis of the fatty acids in combination with 
Collins’ concept of “matching water affinities”. As a feasible application of choline 
base, the saponification and simultaneous solubilization of butter as an example of a 
hardly soluble triglyceride is presented. 
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VI.1. Introduction 
As shown in Chapter I, choline carboxylate (ChCm) surfactants are highly soluble in 
water with Krafft temperatures below room temperature up to m = 16 and partly even 
below 0°C.1 However, the Krafft point of choline stearate (ChC18) is still above room 
temperature (TKr (ChC18) = 40°C). McBain and Sierichs have shown that by addition of 
small amounts of potassium hydroxide to potassium carboxylate solutions, the 
protonation of the fatty acid ion (“hydrolysis reaction”) is completely suppressed.2 As a 
consequence, the solubility temperature of, for example, potassium stearate (KC18) 
decreases from around 60°C to 47.5°C. Furthermore, a similar but less pronounced 
effect was observed when substituting potassium hydroxide by potassium chloride. On 
the other hand, if sodium hydroxide is added in minor fractions to sodium carboxylate 
soaps, the protonation is also suppressed, but the solubility temperature of the respective 
surfactants is not influenced noticeably.2,3 Moreover, for instance, Lin et al. showed that 
the addition of sodium chloride to sodium myristate (NaC14) worsens the solubility of 
the soap.4 
Considering the different behavior of sodium and potassium hydroxide with respect to 
soap solubility, likely two effects are operating. One is the suppression of carboxylate 
protonation. The other is most probably a “salting-in” or “salting-out” effect of the 
respective cation.  
Based on these observations, the solubility of choline stearate as a function of choline 
hydroxide addition has been studied. In order to shed light on the solubilization process 
and to distinguish between hydrolysis and specific ion-ion interactions, the choline base 
was replaced in a second set of experiments by the different chloride salts of sodium, 
potassium and choline. Furthermore, the results are compared with those of the 
corresponding sodium and potassium soaps. As a potential application of choline base, 
the saponification and simultaneous solubilization of butter as an example of a hardly 
soluble triglyceride is presented. 
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VI.2. Results and Discussion 
VI.2.1. Influences of Different Hydroxides on Soap Solubility 
In Fig. VI.1, the solubility temperatures of stearic and lauric acid are displayed as a 
function of added choline, sodium and potassium hydroxide. For studying the effect of 
sodium hydroxide, lauric acid was considered as more suitable than stearic acid, since 
the Krafft temperatures reach more than 90°C upon addition of NaOH in the latter case. 
Such high transition temperatures are hard to determine accurately in aqueous solutions. 
Nevertheless, the observed tendencies are the same for both fatty acids. Addition of the 
different hydroxides in excess to the respective soap systems obviously leads to 
considerably differing results, as visualized by Fig. VI.1. 
 
Fig. VI.1 Krafft temperature TKr as a function of the molar ratio of NaOH (□), KOH (∆) and 
ChOH (○) to stearic and lauric acid, respectively (fatty acid concentration fixed at 1 wt%). 
In the case of the NaC12 system, a small excess of NaOH does not reduce the solubility 
temperature of the surfactant by more than 1°C, from 25°C to 24°C. These findings 
agree well with those of McBain et al..2 Continued addition of NaOH results in a re-
increase of the system’s clearing temperature, first rapidly and then moderately. If 
samples with more than 50 mol% excess of NaOH are left to stand for 24 h at ambient 
temperature, solutions turn into solid white masses, indicating that the volume fraction 
increases quickly upon addition of sodium hydroxide. For KC18, we observed, in 
analogy to McBain et al., that a small excess (~ 5 mol%) of potassium hydroxide is able 
to reduce the solubility temperature from 57°C to 47.5°C. Further addition of KOH 
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produces initially a decrease to even lower Krafft temperatures (down to 45.5°C), 
followed by a gradual increase again up to 49.5°C. Solutions of KC18 remain liquid 
upon addition of KOH and storage for 24 h at ambient temperatures, unlike the viscosity 
increment observed for the studied sodium system. In the case of ChC18, the presence 
of excess choline hydroxide exerts a strongly pronounced effect on the respective soap 
solubility. At 11 mol% excess of choline base, choline stearate becomes soluble already 
at 25°C. Continued choline base addition leads to solubility temperatures of ChC18 of 
as low as 14°C that remain more or less constant also at very high ChOH fractions. 
Consequently, it is possible to observe choline stearate micelles at or below 25°C, if the 
molar ratio of base to acid is chosen higher than 1:1. Cryo-transmission electron 
micrographs indicate that in aqueous solutions of ChC18 with a 200 mol% excess of 
choline base, spherical micelles of an approximate radius of 2 nm are present, as shown 
by Fig. VI.2. 
 
Fig. VI.2 Cryo-TEM image of an aqueous solution of 1 wt% C18 with n (ChOH) : n (C18) = 
2.00 at 25°C; showing spherical micelles with an approximate radius of 2 nm. 
Obviously, a minor excess of the corresponding hydroxides results in all three systems 
in an improved solubility of the respective soap. Indeed, this effect is least pronounced 
in the case of NaOH/C12. These findings, which are consistent with the data of other 
groups,2,3,5,6 can be interpreted in terms of a suppression of the fatty acid hydrolysis 
according to reaction (VI.1): 
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        R-COOH + OH-R-COO- + H2O  (VI.1)
All investigated hydroxides are strong bases. Hence, each base should be capable of a 
complete deprotonation of the fatty acid, at least at a small excess. Nevertheless, 
essential divergences could be discerned among the studied systems. A 5 mol% excess 
of base enhances the corresponding soap solubility to different extents (∆T = 1°C for 
NaOH/C12, 9.5°C for KOH/C18 and 7°C for ChOH/C18). In the case of the NaOH/C12 
system, this excess value is commensurate to the minimum of the solubility curve, 
whereas in the other two investigated systems maximum soap solubility can be achieved 
by addition of still higher amounts of base. 25-50 mol% and 200-300 mol% excess of 
potassium and choline hydroxide, respectively, are necessary to reach the lowest 
possible clearing temperatures for the surfactants. Apparently, the amount of hydroxide 
required to achieve maximum solubility of the corresponding soaps follows the order 
NaOH < KOH < ChOH. Further addition of alkali hydroxide leads in both cases to a re-
increase of the Krafft temperature, indeed to unequal degrees for NaOH and KOH. On 
the other hand, the clearing temperatures of ChOH/C18 remain more or less constant up 
to high molar ratios of ChOH:C18.  
These observations indicate that the solubilization of fatty acid soaps by hydroxides is 
also affected by processes other than the hydrolysis, such as “salting-in” and “salting-
out” effects. In order to distinguish between the hydrolysis and the salt effect, we 
conducted a further experiment series in which we added different chloride salts instead 
of excess choline base to ChC18 solutions. 
At this point, the most outstanding result of these studies is the fact that it is possible to 
obtain ChC18 micelles at temperatures as low as 14°C by addition of choline hydroxide, 
in contrast to the homologous alkali stearates. 
VI.2.2. Influences of Different Chloride Salts on the 
Solubility of Choline Stearate 
In Fig. VI.3, Krafft temperatures for 1 wt% ChC18 systems are plotted as a function of 
the addition of sodium, potassium and choline chloride. Obviously, the solubility of 
choline stearate deteriorates upon addition of alkali chlorides in all cases. At a molar 
ratio of 1:4 of chloride salt to ChC18, NaCl increases the surfactant’s clearing 
temperature (46.9°C) somewhat less than KCl (48.5°C). In turn, at higher chloride salt 
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fractions the solubility temperatures of ChC18 rise much more steeply when adding 
NaCl (up to 69°C in the studied concentration regime) than when adding KCl. 
 
Fig. VI.3 The Krafft temperature TKr of ChC18 soap solutions as a function of added NaCl (□), 
KCl (∆) and ChCl (○) (ChC18 concentration fixed at 1 wt%). 
Considering the Krafft temperature of NaC18 (TKr (NaC18) = 71°C), it may be 
concluded that choline as the initial counterion of the soap is completely substituted by 
sodium.4,7 However, one has to be careful to interpret such solubility curves simply 
based on counterion exchange processes, since it is well known that NaCl exerts a 
“salting-out” influence on sodium carboxylate solutions, leading to decreased soap 
solubility.3,4 Hence, this effect could increase the solubility temperatures of ChC18 in 
the same manner as the replacement of choline by sodium would do.4 
Solubility temperatures of choline stearate solutions reach 55°C and subsequently 
remain more or less constant at molar ratios of KCl to ChC18 higher than 1:1. 
Regarding the Krafft temperature of KC18 ((TKr (KC18) = 57°C), it is again possible to 
argue that choline is fully replaced by potassium as the counterion of the soap.1 
Furthermore, in contrast to the salting-out effect of NaCl, McBain et al. reported an 
increase of the soap solubility temperature by 2°C when small amounts of KCl are 
added to aqueous KC18 solutions.2 This finding suggests that KCl can indeed exert a 
slight salting-in effect on alkali carboxylate soap solutions at low concentrations. 
However, larger amounts of KCl were found to induce salting-out of potassium laurate.8 
Whether a counterion exchange of choline by the alkali ions takes place or not will be 
discussed in the following section. 
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The addition of choline chloride to ChC18 solutions appears to have no significant 
influence on the solubility. Initially, a small decrease of the clearing temperature from 
40°C to 39.4°C is observed, followed by a subsequent increase to 40.4°C. It was shown 
by other groups that TAA ions exhibit a salting-in effect on alkali carboxylate 
solutions.4 However, the present set of data does not indicate such an effect of choline 
chloride on choline carboxylate surfactants.  
VI.2.3. Specific Ion Effects in Aqueous Alkylcarboxylate 
Surfactant Solutions 
When discussing solubilities or Krafft points of surfactants, two competing 
thermodynamic forces have to be considered. These are the free energy of the micellar 
solution on the one hand, and that of the solid crystalline state on the other. The latter 
contribution is often considered as the main driving force. However, it is well known 
that the Krafft points of alkali carboxylate surfactants follow the trend Li > Na > K > 
Cs, which is opposite to that observed for alkylsulfates.2,9-12 This reversed order cannot 
be explained simply based on different degrees of hindrance in the crystalline packing. 
With regard to this fact and the present experiments, specific ion interactions will be 
addressed in the following. 
Previously, the Hofmeister series with respect to the influences of ions on 
macromolecular properties was interpreted mainly in terms of “making” or “breaking” 
the bulk water structure.13 However, several groups have shown that short-range ion-
macromolecule interactions are the dominant forces instead of the long-range 
electrostatic fields generated by simple ions in water, which appeared to be weak 
relative to the strength of water-water interactions.14-19 According to this, simple 
monovalent ions do not alter the hydrogen bonding network of the bulk water outside 
their direct vicinity.14 
Collins’ “concept of matching water affinities” provides a straightforward model of 
specific ion-ion interactions, wherein ion pair formation is controlled by hydration-
dehydration processes.17-19 Essentially, his model divides ions into two classes. 
Thereby, ions of high hydration and high surface charge density, such as Li+ and F-, are 
referred to as “kosmotropes”, while large ions of weak hydrations and low surface 
charge density, such as Cs+ and I-, are termed “chaotropes”.17-19 In this context, water is 
regarded as a medium-size zwitterion. Matching congeneric cations and anions results 
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in a breakdown of the hydration shell and in the spontaneous formation of an inner-
sphere ion pair.19 In turn, when ions are mismatched (kosmotrope-chaotrope or vice 
versa), they will not dehydrate spontaneously, since their affinities to (medium-size) 
water are higher than to each other. Consequently, these ions remain separated by water. 
The dissolution of salts is accompanied by either the formation of ion pairs or a 
complete dissociation of the salt, the latter promoting solubility.9,18 
In the realm of this model, sodium is classified as a small and highly hydrated ion 
(kosmotrope), whereas potassium and choline as big and weakly hydrated ions 
(chaotropes).19-22 Furthermore, alkylcarboxylates can be considered as kosmotropes.23 
Applying Collins’ “law of matching water affinities” onto the present system thus 
results in the following affinity trend of the cations to the carboxylate anion: Na+ > K+ 
>> Ch+. While the order of the first two cations has been confirmed by several 
studies,24-27 there is to our knowledge no work published on the behavior of choline and 
alkylcarboxylates in this context. Sodium and the carboxylate ion, both being 
kosmotropes, are supposed to form ion pairs in water. In turn, the chaotropic potassium 
ion remains separated from the carboxylic headgroup by water. Consequently, the 
solubilities of sodium carboxylates are expected to be worse than those of the 
corresponding potassium salts. This prediction is verified by the observed trend of the 
Krafft points. In this regard, the reversed order reported for alkylsulfates is also easily 
explained, considering the fact that the sulfate anion is of chaotropic nature.26,28 
The obtained influence of different chloride salts on the solubility of ChC18 agrees well 
with the prognosis of Collins’ concept. NaCl was found to decrease drastically the 
solubility of ChC18 solutions. While there is a similar but less pronounced effect 
observed for KCl, no noticeable influence could be discerned for ChCl. In view of this, 
it can be assumed that choline as counterion is substituted by the alkali ions. At high 
chloride salt concentrations, however, additional effects may play a significant role as 
well.29 Sodium, for instance, as a highly hydrated ion, could remove free bulk water and 
hence increase the effective surfactant concentration, resulting in a salting-out of the 
latter.4 
The influence of the different hydroxides on the solubility of the corresponding 
carboxylate surfactants appears to be explicitly more complex. The amount of 
hydroxide required to reach maximum soap solubility was found to follow the order 
NaOH < KOH << ChOH, and ranges up to 200 mol% excess for ChOH. Since all of the 
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investigated hydroxides are strong bases, each should be capable of completely 
deprotonating the fatty acid. The addition of the choline ion itself is unlikely to increase 
the solubility of ChC18 to such a great extent (from 40°C down to 13.8°C), as virtually 
no effect was observed when adding choline chloride. 
Taking into account the different cation-anion affinities, two reactions are likely 
involved according to Equation (IV.2). One is the ionization of the fatty acid and the 
other is the subsequent formation of ion pairs. 
R-COO- + X+ R-COO- X+R-COOH + X+OH-
- H2O
 (VI.2)
According to this, the carboxylate anion can be removed from the hydrolysis 
equilibrium by association with the cation. With regard to Collins’ concept, sodium 
should be able to shift the equilibrium to the right side, whereas for choline the 
association step is negligible. Consequently, less NaOH is necessary compared to 
ChOH to achieve complete ionization of the fatty acid, while KOH adopts an 
intermediate position in this order. However, further experiments need to be conducted 
to confirm this argumentation.  
Nevertheless, for higher amounts of added alkali hydroxides, the solubility of the 
respective surfactants decreases again, similarly as observed for the chloride salts. At 
higher salt concentrations, the removal of bulk water by ion hydration apparently 
becomes more significant, resulting in a more concentrated soap solution. As a 
consequence, the surfactant “salts out”. 
VI.2.4. Saponification and Solubilization of Butter by 
Choline Base 
Butter as a biological product underlies certain fluctuations regarding the contents. As 
such it is of course not appropriate for detailed chemical studies. Nonetheless, we 
considered it as suitable for demonstrating the principle of the dissolution of water-
insoluble triglycerides in aqueous solutions of choline hydroxide. Moreover, butter 
represents a daily household product and is therefore closer to a feasible application 
than perhaps a defined chemical would be. 
Conventional cow butter typically contains around 82 wt% fat, which in turn is 
composed of triglycerides that are constituted typically by palmitic (~ 25%), oleic 
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(~ 25%), stearic (~ 10%) and myristic (~ 9%) acid [46, 47]. Shorter- and middle-chain 
saturated fatty acids are further present in a non-negligible amount (~ 12%).30,31 Other 
appreciable ingredients of the butter are the water-insoluble cholesterol and vitamin E. 
In Fig. VI.4, a picture of aqueous butter solutions at 25°C with different mass ratios of 
choline hydroxide to butter is shown. At small amounts of added ChOH, the butter 
remains more or less completely insoluble in water. However, continued addition of 
choline base leads initially to an emulsification and finally to the dissolution of butter. 
The amount of choline hydroxide required to obtain almost clear and foaming solutions 
ranges between mass ratios of ChOH to butter of 40-45. 
 
Fig. VI.4 Attempts to dissolve butter at 25°C in aqueous solutions of choline hydroxide at 
different mass ratios of choline to butter (butter concentration fixed at 1 wt%). 
Although quantitative data regarding the composition of the used butter, such as the 
number of enclosed ester bridges, cannot be given, the dissolution process is likely as 
following. 
First, the ester bridges of the water-insoluble triglycerides are split by addition of 
choline base. Then, by neutralization, the released fatty acids become surfactants with 
choline as counterion. These choline soaps in turn are, as shown above, highly soluble 
in water, particularly if excessive ChOH is present. Subsequently, the generated 
surfactants can solubilize other water-insoluble compounds, such as cholesterol and 
vitamin E, resulting in almost clear and foaming aqueous solutions. 
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VI.3. Conclusion 
It was shown that adding excess choline hydroxide to choline stearate solutions is 
effective to reduce the solubility temperature of the soap from 40°C down to 14°C. To 
explain this considerable increase in solubility, the effect of alkali hydroxide addition to 
aqueous solutions of sodium laurate and potassium stearate was likewise investigated. 
The amount of hydroxide required to gain maximum soap solubility follows the order 
NaOH < KOH << ChOH. Still higher amounts of alkali base induced a re-increase of 
the respective solubility temperatures, while no further change was found in the case of 
choline base.  
In order to distinguish between the effects of fatty acid hydrolysis and of specific ionic 
interactions, the influence of sodium, potassium and choline chloride on the solubility 
of choline stearate were additionally investigated. Both alkali chlorides caused an 
increase of the Krafft temperature of the surfactant, while the influence of KCl was less 
pronounced than that of NaCl. By contrast, choline chloride exerted no noticeable effect 
on the solubility. 
The results were discussed in terms of Collins’ “law of matching water affinities” based 
on different cation-anion affinities and association behaviors. Accordingly it is proposed 
that the affinity of the investigated cations to the alkylcarboxylate anion follows the 
order Na+ > K+ >> Ch+. 
VI.4. Experimental  
VI.4.1. Materials 
Dodecanoic acid (Merck, p.a.) and octadecanoic acid (Fluka, puriss.) were used as 
received. The chloride salts of sodium and potassium were obtained from Merck (p.a.), 
choline chloride was purchased from Sigma-Aldrich (min. 98%). Sodium and potassium 
hydroxide were employed in the form of 1N titer solutions (Merck). Choline hydroxide 
was obtained as a clear (APHA < 300) 46 wt% aqueous solution from the company 
Taminco. The solution was stored under nitrogen at -18°C and protected against light in 
order to avoid decomposition. For experiments, small samples were taken and converted 
immediately. The concentration of the choline base stock was determined precisely to 
46.6 wt% by threefold titration with 0.1M HCl (Merck). For the butter experiments, a 
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conventional mildly acidic butter (“Die streichzarte Butter”, Goldsteig, Bayerwald 
GmbH) was used, containing typically 82 wt% fat. 
VI.4.2. Methods 
VI.4.2.1. Sample Preparation 
Samples for the determination of the influence of excess hydroxide on different soap 
solutions were prepared as follows. Appropriate amounts of the fatty acid were weighed 
separately for each investigated molar ratio of base to acid. Then the respective 
hydroxides were added, yielding solutions containing 1 wt% fatty acid with different 
molar ratios of base to acid. 
For studying the influence of different chloride salts on the solubility behavior of 
choline stearate, stock solutions of the soap and the chloride salts were prepared first. 
For the surfactant stock, twofold recrystallized ChC18 was used (for details on 
preparation see Chapter I). Afterwards, stock solutions were mixed and diluted 
correspondingly in order to obtain 1 wt% ChC18 solutions with different molar ratios of 
the chloride salts to soap. 
Regarding the butter experiments, small amounts of the frozen butter (1 wt%) were 
weighed separately and treated with different amounts of choline hydroxide. 
Each sample was stirred for 12 hours and, if necessary, heated in order to obtain 
homogenous solutions. In all cases, Millipore water was used as solvent.  
VI.4.2.2. Determination of the Solubility Temperature 
Krafft or solubility temperatures were first determined by direct visual observation, 
spotting the temperature at which the solutions turned completely clear and isotropic. 
For this purpose, small amounts (~3 mL) of the respective samples were flame-sealed in 
glass vials and subsequently heated with about 1°C per hour. Solutions, which were 
already clear at ambient temperature, were slowly cooled until turbidity was discernible, 
prior to experiment start. 
Precise solubility temperatures were gained from turbidity measurements using an 
automated home-built apparatus.32 Specimen holders were placed in a computer-
controlled thermostat. Light emitted by a LED crosses the samples and the transmitted 
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light is detected by a light-dependent resistor (LDR). Samples were cooled if necessary 
until precipitation occurred and then heated with 1°C per hour. 
VI.4.2.3. Cryogenic Transmission Electron Microscopy (Cryo-TEM) 
For cryo-TEM studies, a 2µl drop of the sample was placed on an hydrophilzed lacey 
carbon filmed copper TEM grid (200 mesh, Science Services, Muenchen, Germany). 
Most of the liquid was removed with blotting paper, leaving a thin film stretched over 
the carbon lace holes. The specimens were vitrified by rapid immersion into liquid 
ethane cooled to approximately 90 K by liquid nitrogen in a temperature controlled 
freezing unit (Zeiss Cryobox, Zeiss NTS GmbH, Oberkochen, Germany). The 
temperature was monitored and kept constant in the chamber during all of the sample 
preparation steps. After freezing the specimens, the remaining ethane was removed 
using blotting paper. The specimen was inserted into a cryo-transfer holder (CT3500, 
Gatan, Muenchen, Germany) and transferred to a Zeiss EM922 EFTEM instrument. 
Examinations were carried out at temperatures around 90 K. The transmission electron 
microscope was operated at an acceleration voltage of 200 kV. Zero-loss filtered images 
(ΔE = 0 eV) were taken under reduced dose conditions (100-1000 e/nm2). All images 
were registered digitally by a bottom mounted CCD camera system (Ultrascan 1000, 
Gatan, Muenchen, Germany) combined and processed with a digital imaging processing 
system (Gatan Digital Micrograph 3.10 for GMS 1.5). 
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Chapter VII Choline Alkyl Sulfates 
 
As demonstrated in the preceding chapters, choline soaps exhibit high counterion-
headgroup dissociation. This facilitates on the one hand the superior water solubility of 
the surfactants but, on the other, is accompanied by a fundamental susceptibility to the 
addition of simple salts such as sodium chloride. The latter undesirable feature may 
simply be overcome by combining the “soft” choline ion with a “soft” surfactant 
headgroup such as sulfate. Accordingly, this chapter introduces choline dodecyl sulfate 
(ChDS) exemplarily as a representative of choline alkyl sulfates – a new group of 
promising biocompatible anionic surfactants. 
In this context, the cmc and Krafft point of ChDS were determined and a rough aqueous 
phase diagram is presented. Beyond that, cytotoxicity measurements on HeLa and SK-
Mel 28 cells were conducted. The enhanced counterion-headgroup binding relative to 
choline carboxylate soaps is confirmed by the value of the cmc and the traced self-
assembly behavior of ChDS in water, while the Krafft point of ChDS is maintained at 
temperatures as low as 0°C. Cytotoxicity studies reveal that ChDS is similarly harmless 
as the widely applied sodium dodecyl sulfate (SDS). Finally, the effect of different 
mono- and divalent salts on the solubility of ChDS is discussed and compared to its 
alkali and alkyl carboxylate homologues. 
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VII.1. Introduction 
Soaps (i.e. salts of fatty acids) are still nowadays a very important surfactant type due to 
their biocompatibility and relatively low costs. However, their limited water solubility, 
relatively high pH and substantial sensitivity to water hardness cause serious problems 
in the formulation of skin-friendly home- and personal-care products.1-3 As shown in 
Chapters II-VI, choline carboxylates provide an effective alternative to classical soaps 
due to their improved water solubility, while sustaining biocompatibility. However, they 
still bear the other common drawbacks related to fatty acid surfactants, that is, strong 
alkalinity and reduced performance in the presence of hard water or simple alkali salts. 
The high pH of soaps can be avoided by using a headgroup of reinforced acidity such as 
sulfate. Sodium alkyl sulfate surfactants were furthermore shown to be less sensitive to 
water hardness, while still being readily biodegradable and allowing synthesis from 
renewable raw materials.4,5 The most prominent and intensively studied example of this 
class of surfactants is sodium dodecyl sulfate (SDS), which finds broad application as 
an active agent for instance in products like shampoos or shower gels.4 Pure SDS 
typically becomes well-soluble at temperatures ranging from 12 to 20°C.6-8 However, 
although being less sensitive to salts than carboxylate detergents, the solubility 
temperature of SDS soon exceeds 25°C when other salts are present.9,10 The use of the 
more surface-active longer-chain homologues of SDS, such as sodium tetradecyl 
sulfate, is moreover restricted due to poor solubility in water.4,7,11 
According to Collins’ concept of “matching water affinities” (as described in 
Chapter VI),12,13 sodium is supposed to bind only weakly to the alkyl sulfate anion. 
Further, in contrast to carboxylate soaps, the degree of counterion-headgroup 
association in alkyl sulfate surfactants should increase with the size of the cation (Li+ < 
Na+ < K+ < Rb+ < Cs+). This has been confirmed in several previous studies, for 
example by combined small-angle X-ray and neutron scattering (SAXS and SANS) 
measurements.14-17 Usually, the gain in the strength of counterion-headgroup binding 
brings about an increment in the Krafft point (TKr) of the surfactants. Accordingly, the 
Krafft temperatures of alkali alkyl sulfates increase with growing size of the cations,6 
whereas those of alkyl carboxylates decrease.2,18,19 
Interestingly, when bulky tetraalkylammonium (TAA) ions are employed as counterions 
in alkyl sulfate surfactants, the water solubility is extended towards low temperatures, in 
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line with what has been reported for fatty acid soaps but as opposed to the above-
mentioned trend for alkyl sulfates.20-25 Nevertheless, an important difference between 
TAA alkyl sulfate and TAA carboxylate surfactants is obvious in the case of 
tetrabutylammonium (TBA). With increasing temperature, TBA alkyl sulfates show a 
clouding phenomenon as it is otherwise only observed for non-ionic surfactants, while 
such an effect does not occur for TBA alkyl carboxylates.11,23,24,26,27 Whether TAA ions 
are more associated to the alkyl sulfate anion than for instance sodium has been the 
object of some debates. Several studies confirmed that the degree of counterion 
dissociation α is less pronounced for TAA ions than for sodium.14,17,26,28,29 In turn, 
aggregation numbers of TAA alkyl sulfate surfactants were found to be lower and 
micellar sizes smaller than expected on the basis of the critical micellization 
concentration (cmc) and the value of α.25,26,30-32 Zana et al. proposed that, due to sterical 
hindrance, TAA ions are condensed in two layers over the surface of the micelle, with a 
first layer being rather compact and a second appearing largely incomplete.25,26 
Unfortunately, information on the influence of alkali chlorides on the Krafft 
temperatures of corresponding surfactants is not available to date. 
In this regard, alkyl sulfate surfactants can be considered effective alternatives to 
carboxylate soaps, and TAA ions as counterions seem to be suitable for an enhancement 
of the surfactants’ solubility also in this case. However, whether their salt sensitivity is 
reduced as compared to common soaps remains to be proven. Since simple TAA ions 
do not meet the requirements for most application fields of surfactants due to their toxic 
impact,33-35 choline as a natural human metabolite was chosen as counterion of dodecyl 
sulfate (DS-) in this work. Choline dodecyl sulfate (ChDS) (outlined in Fig. VII.1) has 
been synthesized and its Krafft point and cmc value were determined. Further, a rough 
aqueous phase diagram has been constructed for ChDS and first cytotoxicity studies on 
two human cell lines were carried out. Finally, the influence of various chloride salts on 
the Krafft temperature of ChDS has been examined and a comparison to values reported 
for SDS and potassium dodecyl sulfate (KDS) is established. The results are further 
related to those obtained for alkyl carboxylate surfactants. 
 
Fig. VII.1 Molecular structure of choline dodecyl sulfate (ChDS). 
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VII.2. Results and Discussion 
VII.2.1. Krafft Point and cmc 
According to the common convention, the solubility temperature of a 1 wt% ChDS 
solution was taken as the Krafft point.2 For comparison, the Krafft temperatures of SDS 
and KDS were determined with the same procedure as applied for ChDS and were 
found to be in a good agreement with the literature (Table VII.1).5-7,36 In line with the 
reported tendency of TAA ions to decrease TKr, ChDS was confirmed to be soluble 
down to 0°C, which is a considerable improvement regarding the water solubility as 
compared to the sodium and potassium counterparts (cf. Table VII.1). Notably, no 
clouding phenomenon could be discerned for ChDS upon heating, in contrast to what 
was observed for instance for TBADS.11,23,27 
Table VII.1 Physicochemical properties of ChDS in comparison to other dodecyl sulfate 
surfactants: Krafft temperatures (TKr), critical micellization concentrations (cmc’s) determined 
by conductivitya and surface tensionb measurements, the degree of counterion condensation α 
(derived from conductivity data), the surface excess concentration (Γ) and the area per 
molecule(As) calculated from the concentration-dependent surface tension plots. 
 TKr / °C cmca / mM cmcb / mM αa ASb / Ǻ2 Γ / mol m-2 
ChDS 0 5.99 ± 0.06 4.26 ± 0.04 0.25 36 4.62 10-6 
SDS 14.1 8.6538 5.54 ± 0.29 0.2638 28 5.94 10-6 
KDS 37.3 7.839 - - - - 
TMADS < 0°C26 5.5617 - 0.2026 - - 
The cmc of ChDS has been determined by means of two techniques, namely surface 
tension and conductivity measurements. Results are compiled in Table VII.1. Both 
methods yielded somewhat different cmc values, which is a well-known phenomenon 
originating from distinct sensitivities of the techniques to different physical properties.37 
However, as clearly shown by the values in Table 1, the cmc’s of alkyl sulfate 
surfactants decrease with growing size of the cations, which usually reflects an 
increasing counterion-headgroup association. The reported cmc of tetramethyl-
ammonium dodecyl sulfate (TMADS) is slightly lower than that of ChDS. This 
deviation may yet be well within the experimental inaccuracy associated with the use of 
two distinct experimental setups.17 A comparison of the cmc of ChDS and ChC12 (cmc 
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= 25.5 mM, see Section II.2.1.) evidently supports the notion that counterion-headgroup 
binding is greatly enhanced when substituting the carboxylate by a sulfate headgroup.12 
This becomes further manifest in the degrees of micelle ionization α estimated for 
ChDS (α = 0.25) and ChC12 (α = 0.33, see Section II.4.2.). In turn, the α values of 
ChDS and SDS differ only slightly,38 while that of TMADS is significantly lower (α = 
0.20).26 This is clearly in contrast to the traced variations of the cmc. The deviation 
between α of TMADS and ChDS might indicate that choline is less efficiently bound to 
the micelle surface than TMA due to the hydroxyl group of choline. Thereby it should 
be noted that no marked differences between TMA and choline could be detected for 
alkyl carboxylate surfactants in the dilute aqueous phase region. Whether ChDS 
micelles have a similar charge as SDS micelles, as indicated by the α values but 
controverted by the magnitude of the cmc, remains to be proven. 
Surface tension measurements furthermore allow for the determination of the surface 
excess concentration (Γ) and the area per surfactant molecule (As) at the surface. As 
obvious from Table VII.1, the area per surfactant molecule is distinctly larger for ChDS 
than for SDS, which can likely be ascribed to the bulkiness of the choline counterion. 
This results in a lower surface excess concentration for ChDS relative to SDS. 
Thus, ChDS shows increased water solubility as compared to its sodium and potassium 
homologues, in analogy to what has been found when choline was employed as 
counterion in fatty acid soaps. However, the cmc and α values suggest that ChDS 
exhibits considerably stronger counterion-headgroup binding than the highly dissociated 
choline carboxylates. Whether this feature factually accounts for a reduced salt 
sensitivity of the surfactant will be examined below. In this context, two other 
advantages of choline alkyl sulfate surfactants over choline carboxlyate soaps should be 
emphasized, which concern the handling of the compounds. Neat ChDS turned out to be 
much less hygroscopic than ChCm surfactants. In the presence of small amounts of 
water (≈ 1 wt% H2O), the latter form a glutinous mass (liquid crystals), which 
complicates their further processing. By contrast, powdery ChDS samples can readily 
be applied under ambient conditions without protection against air humidity. Moreover, 
ChDS is thermally more stable (see Section VII.4.3.5) than ChCm salts and even 
outrivals SDS in this respect, exhibiting a decomposition temperature which exceeds 
those of the counterparts by up to 50-60°C and ~30°C, respectively. 
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VII.2.2. Aqueous Self-Assembly Behavior 
The size and shape of ChDS micelles in aqueous solution were investigated by cryo-
TEM exemplarily for concentrations of 1 wt% and 5 wt%. A representative image for 5 
wt% ChDS is displayed in Fig. VII.2, disclosing spherical micelles with a radius of 
about 2 nm. This value agrees well with the micellar size of TMADS determined by 
SANS (r = 2 nm),31 and generally falls in the order of magnitude of micellar radii 
typically detected for alkali dodecyl sulfates by SAXS and SANS.15,16 
 
Fig. VII.2 Cryo-TEM micrograph of a 5 wt% ChDS solution, revealing spherical micelles with 
an approximate radius of 2 nm. 
The more concentrated surfactant region of ChDS was studied by the penetration scan 
technique and the establishment of a preliminary aqueous phase diagram (see 
Chapter IV for details on procedures). The penetration scan study showed that the first 
liquid-crystalline phase formed by ChDS is a hexagonal (H1) phase, which persists 
down to 0°C (Fig. VII.3). 
At a temperature of 45-46°C, a bicontinuous cubic phase (V1) occurred (Fig. VII.4), 
while a lamellar phase (Lα) could not be detected up to 100°C (actually not up to 
130°C). Instead, a highly viscous birefringent region was observed, which displays 
sharp etches and hence probably is of crystalline nature. Though not addressed in detail 
in this work, the thermotropic phase behavior of neat ChDS proved to be rather 
complex, with up to 4-5 distinct phases being detected between 0°C and 150°C. 
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Fig. VII.3 Penetration scan image of ChDS at 0°C acquired at 100x magnification between 
half-crossed polarizers. With increasing surfactant concentration (indicated by the arrow), a 
micellar solution L1, a hexagonal phase H1 and a partially birefringent solid region can be 
identified. 
 
Fig. VII.4 Penetration scan (100x magnification) of ChDS at 48°C with non-crossed (left) and 
crossed polarizers (right), showing the following phases towards higher surfactant 
concentrations: hexagonal H1, bicontinuous cubic V1, and a birefringent crystalline region. 
By preparing liquid-crystalline samples in concentration steps of 5 wt% and spotting 
their development on raising the temperature between crossed polarizers, the binary 
phase diagram of ChDS shown in Fig. VII.5 was constructed. In line with other 
common anionic surfactants40,41 but opposed to choline carboxylate soaps, the first 
liquid-crystalline phase formed by ChDS at a concentration of ~38 wt% is H1. This 
phase actually dominates the overall appearance of the phase diagram since it extends 
up 80-85 wt%. The only other type of mesophase distinguished in the studied 
temperature range was the bicontinuous cubic V1 phase. It should be kept in mind that 
Fig. VII.5 represents a first rough sketch of the phase diagram of ChDS and that small 
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regions of intermediate phases, potentially located between H1, V1 and solid, may have 
been missed in the present work. However, a prominent feature of ChDS already 
obvious is its low Krafft boundary, which remains at or below 0°C up to ~65 wt%. By 
contrast, SDS requires around 45°C at 65 wt% to form a mesophase.40,42 An overall 
comparison of the phase diagrams of SDS40 and ChDS reveal that the regions of H1 and 
V1 are substantially expanded in the case of ChDS. Moreover, SDS forms a Lα phase at 
around 70 wt% surfactant,40 which is absent for ChDS. Apparently, SDS favors phases 
of lower curvatures than ChDS, which is reasonable when considering packing 
constraints43 and the large headgroup area of ChDS caused by the bulky choline ion. 
The latter is further confirmed by the surface tension measurements (see Table VII.1) 
 
Fig. VII.5 Rough binary aqueous phase diagram of ChDS between 0°C and 90°C. 
The phase diagram established for ChDS corroborates the idea that the extent of 
counterion-headgroup binding is appreciably higher for ChDS than for choline fatty 
acid soaps. The broad discontinuous cubic phase region (I1) detected for ChCm 
surfactants is missing for ChDS, and the V1 region of ChDS is considerably smaller 
than that of ChC12 (see Chapter IV). Consequently, ChDS prefers less curved 
mesophases as compared to ChC12. This can be deduced to stronger cation-anion 
interactions between the “soft” choline and the “soft” alkyl sulfate ion,44 which in turn 
lead to a smaller headgroup area of ChDS relative to the highly dissociated choline 
soaps. 
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VII.2.3. Cytotoxicity of ChDS 
In order to derive first information on the biocompatibility of ChDS, its cytotoxicity on 
cervix carcinoma cells (HeLa) as well as on keratinocytes (SK-Mel-28) has been 
examined. As outlined in Chapter III, studies with HeLa cells serve as a reasonable 
alternative to frequently performed in vivo eye-irritancy tests on rabbits, while analyses 
with SK-Mel-28 cells permit first conclusions on the skin irritancy power. To be able to 
assess the toxic impact of ChDS on a relative scale, SDS and ChC12 were investigated 
in parallel under identical experimental conditions. Cytotoxicities of ChDS, SDS and 
ChC12 (expressed as IC50 values – the higher the less toxic) are depicted in Fig. VII.6. 
 
Fig. VII.6 Comparison of the cytotoxicity of ChDS, SDS and ChC12 on two human cell lines 
(HeLa and SK-Mel-28). 
On both cell lines, IC50 values obtained for ChDS are more or less similar to those 
determined for SDS and Ch12. Apparent differences between the compounds and the 
two cell lines are judged to be rather small. A more important finding is that the 
measured IC50 values range between 0.25-0.40 mM. Thus, ChDS can be considered as 
toxicologically harmless under the given circumstances. 
VII.2.4. Influence of Salts on the Krafft Points of Alkyl 
Sulfate and Alkyl Carboxylate Surfactants 
Collins’ concept implicates that counterion condensation around the “soft” alkyl sulfate 
micelles is more pronounced for large “soft” cations, such as choline, than for small 
“hard” cations like sodium.12,13,45 The results presented in the preceding sections led to 
ambiguous conclusions in this respect. Therefore, the influence of added lithium, 
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sodium, potassium and choline chloride on the Krafft temperature of SDS, KDS and 
ChDS was studied so as to shed more light on specific ion effects in these systems. 
Moreover, the corresponding alkyl carboxylate homologues (i.e. NaC12, KC12 and 
ChC12) were also included in these investigations in order to verify the postulated 
reversed trends of “hard” carboxylic and “soft” sulfate headgroups in terms of ion 
association and its impact on the Krafft temperature. Obtained progressions of the 
Krafft points with growing salt content are depicted in Fig. VII.7. 
 
 
 
Fig. VII.7 The effect of varying amounts of alkali chlorides (LiCl (?), NaCl (?), KCl (?))and 
choline chloride (ChCl (?)) on the Krafft temperature of dodecylsulfate surfactants (SDS (A), 
KDS (C), ChDS (D)) and, for comparison, dodecanoate soaps (NaC12 (B), KC12 (D), ChC12 
(F)). The curves of LiCl in (E) and those of KCl and ChCl in (F) are not shown, since the 
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measured values were below 0°C. The surfactant concentration was kept constant at 1 wt% in 
the experiments. 
It is evident that addition of KCl generally causes a distinct increase of TKr in case of 
alkyl sulfate surfactants, whereas its influence is moderate or even mitigating with 
regard to the water solubility for alkyl carboxylates. In turn, the presence of LiCl was 
found to lower the Krafft point of SDS and KDS, in contrast to alkanoates soaps for 
which a sharp rise in TKr up to 90-100°C was observed in all instances. A relative 
ordering of the salts according to their ability to increase the Krafft temperature of the 
different surfactants is given in Table VII.2. 
Table VII.2 Specific effects of distinct alkali salts and choline chloride on the Krafft 
temperatures of dodecyl sulfate (SDS, KDS, ChDS) and dodecanoate (NaC12, KC12, ChC12) 
surfactants. Salts are ordered with respect to their potential to increase TKr. The effect of the 
alkali chlorides is reversed when the sulfate headgroup is replaced by carboxylate. In turn, 
added choline chloride generally tends to decrease the Krafft point, regardless of the type of 
surfactant headgroup. 
SDS 
KCl >> NaCl > LiCl ≈ ChCl 
NaC12 
LiCl >> NaCl > KCl > ChCl 
KDS 
KCl >> NaCl > LiCl > ChCl 
KC12 
LiCl >> NaCl > KCl > ChCl 
ChDS 
KCl >> NaCl > ChCl > LiCl 
ChC12 
LiCl >> NaCl > KCl, ChCl 
The fact that pure alkali alkyl sulfate and alkyl carboxylate surfactants exhibit opposite 
trends in their Krafft temperatures with growing size of the cations has been reported 
previously.5,37 Table VII.2 highlights that this behavior applies also for the influence of 
added alkali chloride salts on the Krafft points of the different surfactants investigated,46 
that is, the sequence of the alkali ions is reversed when exchanging the headgroups. In 
this sense, Collins’ concept of “matching water affinities” accounts for the observed 
tendencies. However, choline chloride breaks the trend, as it factually lowers the Krafft 
point of both surfactant types. In the case of alkyl sulfates, the large choline cation 
surprisingly exerts an effect which is similar to that of the small lithium ion. Possible 
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reasons for this finding remain unknown. How can a salt decrease the Krafft point of a 
surfactant when it neither changes the bulk water structure and nor interacts 
significantly with the surfactant headgroup? Further, Fig. VII.7 shows that addition of 
NaCl noticeably elevates the solubility temperature of ChDS. Thus, it must be doubted 
that the degree of counterion-headgroup binding is really stronger in ChDS than in SDS, 
as it would be suggested by Collins’ concept. In turn, it appears quite certain that the 
affinity of choline to the alkyl sulfate moiety is higher than to the carboxylate anion, 
given that the presence of NaCl in a molar excess of 2:1 raises the Krafft temperature of 
ChDS by only 10°C, whereas an increase by up to 20°C can be discerned in the same 
situation for ChC12. 
Finally, the influence of calcium chloride on the solubility of ChDS and, for 
comparison, SDS was examined in order to mimic conditions prevailing in hard water. 
Corresponding results are outlined in Fig. VII.8. Since calcium is a divalent cation, it 
replaces both sodium and choline as counterions of alkyl sulfate micelles. Accordingly, 
the Krafft temperatures of ChDS and SDS increase steeply and in a similar fashion upon 
addition of CaCl2, soon approaching the TKr value of pure aqueous calcium 
dodecylsulfate (TKr (Ca(DS)2)= 50°-55°C)47. Indeed, the Krafft point of ChDS + CaCl2 
falls below that of SDS + CaCl2 by about 2-3°C. However, this cannot be judged as a 
considerable improvement. Apart from that, an important advantage of alkyl sulfate 
surfactants relative to fatty acid soaps is evident from Fig. VII.8: the temperature 
needed to solubilize Ca(DS)2 amounts only up to about 55-56°C – in contrast to the 
water-insoluble lime soaps formed by carboxylate surfactants. 
 
Fig. VII.8 Influence of calcium chloride on the Krafft temperatures of ChDS and SDS, at a 
surfactant concentration of 1 wt% in both cases. 
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VII.3. Conclusion 
The data presented in this chapter have evidenced that choline dodecyl sulfate is soluble 
down to 0°C up to a concentration of ~65 wt% in water, which represents a considerable 
improvement of the water solubility with regard to its sodium and potassium 
homologues. The cmc, the degree of micelle ionization α and the mesophases detected 
for ChDS suggest that counterion-headgroup binding is substantially stronger than in 
case of the highly dissociated choline fatty acid soaps. Analyses of its cytotoxicity 
revealed that ChDS is virtually harmless and exhibits IC50 values comparable to those of 
SDS. Studies on the effect of added alkali and choline chlorides on the Krafft point of 
alkyl sulfate and carboxylate surfactants confirmed a reversed tendency of the alkali 
salts in terms of their influence on the solubility temperature of the two distinct types of 
headgroups. Interestingly, choline did not follow this trend and was found to generally 
decrease the value of TKr. The present findings suggest that the binding of choline to the 
sulfate headgroup is not stronger than for sodium as proposed by Collins’ concept. 
However, the degree of association in ChDS is in fact higher than in choline carboxylate 
soaps. Investigations on the influence of added calcium chloride on the solubility of 
ChDS and SDS revealed that the Krafft temperature indeed rises sharply in both cases, 
but only to levels around 50-55°C. This feature is expected to permit an application of 
the surfactants in “regular” hard water at moderately elevated temperatures without the 
requirement of water softeners. 
Certainly, the present study should be regarded as the starting point for further 
investigations on choline alkyl sulfate surfactants. Nevertheless, the low Krafft 
temperature determined for ChDS suggests that also its longer-chain derivatives will 
exhibit enhanced water solubility as compared to its alkali homologues. Thus, due to 
their high water solubility, low toxic impact and reduced sensitivity relative to the soap 
counterparts to the presence of both alkali and alkaline-earth chlorides, choline alkyl 
sulfates depict a new promising class of anionic surfactants. 
VII.4. Experimental 
VII.4.1. Chemicals 
SDS (Merck, ≥ 99%), NaC12 (Sigma-Aldrich, 99-100%), lithium chloride (Merck, 
p.a.), sodium chloride (Merck, p.a.), potassium chloride (Merck, p.a.), choline chloride 
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(Sigma, ≥ 99%) and calcium chloride-2-hydrate (Riedel-de Haën, ≥ 99%) were used as 
received. Titer solutions of potassium hydroxide (0.1 N and 1 N) were purchased from 
Merck, while choline base (ChOH) was provided by Taminco as a clear (APHA < 300) 
46 wt% aqueous solution. ChC12 was prepared and purified according to the procedure 
described in Section II.4.1. KC12 was obtained by direct neutralization of dodecanoic 
acid (Merck, ≥ 99%) with 0.1 N KOH. The stock solution of choline hydroxide was 
stored at -18°C under nitrogen and protected from light in order to prevent 
decomposition. The exact concentration of ChOH was determined by a threefold 
titration with 0.1 M HCl (Merck). 
VII.4.2. Synthesis of ChDS and KDS 
ChDS as well as KDS were prepared by ion exchange of SDS using a strong cation 
exchanger (type I, Merck, p.a.). First, the column material was washed successively 
with 1 M HCl (Merck) and a large amount of Millipore water such that a near-neutral 
pH was achieved. Afterwards, the ion exchanger was loaded with the chloride salts, 
which were available in high purity. For this purpose, 1 M aqueous salt solutions were 
passed over the resin until the resulting pH value was around 4-5 (corresponding to 4 
times the maximum cation exchange capacity). In order to ensure completeness of the 
exchange process, the column was subsequently treated with 0.1°M solutions of the 
respective hydroxides (effluent pH ≈ 10). The resin was then rinsed with Millipore 
water until quantitative removal of any excess base was accomplished (final pH ≈ 7). 
SDS was employed as a 0.1 M solution in an amount lower than 1/3 of the minimum 
resin capacity. After generously discarding forerunnings, the solid surfactants were 
obtained by lyophilization of the effluent. The resulting white powders were dried 
subsequently in a desiccator at a pressure of 10-2 mbar for about 2-3 days. 
The purity of ChDS and KDS was ascertained by 1H NMR (CDCl3), 13C NMR (CDCl3) 
and ES-MS (electro-spray mass) spectroscopy. NMR spectra were recorded on a Bruker 
Avance 300 spectrometer at 300 MHz with tetramethylsilane (TMS) as internal 
standard. Mass spectrometry was performed on a ThermoQuest Finnigan TSQ 7000 
instrument. 
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ChDS: 
δH (300 MHz; CDCl3) 0.86 (3 H, t, , J1,2 = 6.31 Hz, J2,3 = 6.86 Hz, CH3CH2), 1.24 (18 H, 
m, CH2 (DS)), 1.62 (2 H, quintett, J1,2 = 6.86 Hz, J2,3 = 7.14 Hz, J3,4 = 7.41 Hz, J4,5 = 
6.86 Hz, CH2CH2OSO3-), 3.29 (9 H, s, (CH3)3N), 3.64 (2 H, m, NCH2), 3.95 (2 H, t, J1,2 
= 6.86 Hz, J2,3 = 7.14 Hz, CH2OSO3-), 4.05 (2H, s, NCH2CH2OH), 4.90 (1 H, s, OH). 
δC (300 MHz; CDCl3) 14.14, 22.70, 25.88, 29.38 – 29.70, 31.93, 54.29, 56.46, 67.76, 
68.01. 
m/z 343 (M+, 100%), 148 (11), 473.3 (13, 2M++M-), 265 (M-, 100%), 634 (9, 2M-+M+). 
KDS: 
δH (300 MHz; (CD3)2SO) 0.85 (3 H, t, , J1,2 = 6.59 Hz, J2,3 = 6.86 Hz, CH3CH2), 1.24 (18 
H, m, CH2 (DS)), 1.47 (2 H, quintett, J2,3 = 6.59 Hz, J3,4 = 6.59 Hz, CH2CH2OSO3-), 2.5 
(2 H, s, quintett, J1,2 = 1.65 Hz, J2,3 = 1.92 Hz, J3,4 = 1.65 Hz, J4,5 = 1.92 Hz), 3.67 (2 H, t, 
J1,2 = 6.86 Hz, J2,3 = 6.59 Hz, CH2OSO3-). 
δC (300 MHz; (CD3)2SO) 13.86, 22.00, 25.43, 28.69 – 28.97, 31.20, 65.36. 
m/z 343 (2K+-M-, 100%), 647 (73, 3K+-2M-), 956 (35, 4K+-3M-), 1256 (27, 5K+-4M-), 
265 (M-, 100%), 569 (11, 2M-+K+). 
VII.4.3. Methods 
VII.4.3.1. Determination of Krafft Temperatures 
For the sake of simplicity, the common convention of the Krafft point being the 
solubility temperature of a 1 wt% surfactant solution (which is typically far above the 
cmc) was applied. The influence of various salts on TKr of the distinct surfactants was 
assessed in a similar fashion. The surfactant concentration was fixed to 1 wt% and the 
salts were introduced by adding different amounts of stock solutions. 
Precise solubility temperatures were determined by turbidity measurements using an 
automated home-built apparatus, which was equipped with a computer-controlled 
thermostat.48 Turbidity was detected by monitoring the transmission of light emitted by 
a LED with the aid of a light-dependent resistor (LDR). If necessary, samples were 
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cooled until precipitation occurred, followed by subsequent heating with a rate of 1°C 
per hour. 
VII.4.3.2. Density Measurements 
Densities, ρ, were required in order to evaluate exact concentrations of the samples 
investigated by surface tension and conductivity measurements. They were determined 
at 25°C using a vibrating tube densimeter (Anton Paar DMA 60), which was calibrated 
by measuring purified dry nitrogen and degassed water. The resulting experimental 
values are compiled in Table VII.3. 
Table VII.3 Density data of ChDS solutions at 25°C. 
wt% ChDS ρ / g L-3 
0.99 997.57 
2.51 998.31 
4.96 999.59 
9.97 1002.09 
14.99 1004.69 
19.96 1007.24 
The obtained density values were found to increase linearly in the concerned 
concentration regime. Linear regression of the experimental data gave an equation for 
the calculation of density values, according to ρ / g L-1 = 0.51 . wt%ChDS + 997.05 / g L-1. 
The collected data also allow for a determination of the molar volume, Vm, of the 
surfactant, following the procedure described in Appendix B.1 (Vm (ChDS) = 
0.522 L mol-1). 
VII.4.3.3. Surface Tension Measurements 
The surface tension, σ, was measured with a platinum-iridium ring using a Krüss 
tensiometer (model K100 MK2), which was equipped with a double-dosing system 
(Methrom Liquino 711). This setup permits automated data acquisition as a function of 
the surfactant concentration (reversed cmc determination). The temperature was 
monitored on-line and kept constant at 25°C ± 0.1°C. Measured values were corrected 
according to a procedure introduced by Harkins and Jordan.49 The resulting progression 
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of the surface tension as a function of the surfactant concentration is shown in Fig. 
VII.9. 
 
Fig. VII.9 Surface tension of ChDS as a function of the surfactant concentration at 25°C. 
The cmc corresponds to the surfactant concentration at the onset of the pronounced 
increase in σ, which is given by the intersection of linear fits to the curve segments 
before and after the cmc. Further, the excess surfactant concentration, Γ, and the area 
per molecule, AS, were calculated on the basis of the recorded data (obtained values are 
listed in Table VII.1). To facilitate proper comparison, the surface tension of SDS was 
measured in an identical manner (cf. Table VII.1). 
VII.4.3.4. Conductivity Measurements 
Conductivities, κ, of aqueous ChDS solutions were measured at 25°C by means of an 
autobalance conductivity bridge (Konduktometer 702, Knick), equipped with a Consort 
SK41T electrode cell. The cell constant was determined by measuring 0.01 m, 0.1 m 
and 1 m potassium chloride solutions at 25°C.50 The cmc value was obtained from the 
breakpoint in the concentration-dependent plot of the conductivity (Fig. VII.10). The 
degree of micelle ionization, α, can be derived by the expression of Evans38 as outlined 
in Section II.4.2. This requires the aggregation number Nagg at the cmc, which can be 
estimated to Nagg = 56 for ChDS when assuming spherical micelles with fully extended 
hydrocarbon chains and using the expressions of Tanford.51 
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Fig. VII.10 Plot of the specific conductivity κ versus the concentration of ChDS at 25°C. 
VII.4.3.5. Decomposition Temperatures 
The thermal stability of ChDS was studied by determining the decomposition 
temperature, Tdec, on a thermogravimetric analyzer of Perkin-Elmer (TGA 7). 
Measurements were conducted under a constant nitrogen flow with a heating rate of 
10 K min-1. The onset of mass loss, defined by the intercept of the baseline before 
decomposition and the tangent to the curve afterwards, was taken as Tdec. Resulting data 
for ChDS and SDS are outlined in Fig. VII.11. 
 
Fig. VII.11 TGA curves of ChDS (black) and SDS (blue). 
Obviously, ChDS is decomposed by a two-step mechanism, while SDS degrades in a 
single step. However, the latter reaches a degree of decomposition of only about 26% up 
to 500°C (Tdec (SDS) = 221°C). A possible scenario explaining the behavior traced for 
ChDS is that, in a first step, the alkyl sulfate part is decomposed, whereas the choline 
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cation disintegrates at higher temperatures (starting from about 330°C). This is 
supported by the fact that the onset temperature of mass loss found for ChDS 
(Tdec (ChDS) = 252°C) is close to that of SDS. However, the most surprising result is 
that ChDS appears to be thermally even more stable than SDS and much more stable 
than choline fatty acid soaps (Tdec (ChCm) = 190-202°C, see Section V.2.1). 
VII.4.3.6. Cryo-Transmission Electron Microscopy (Cryo-TEM) 
For cryo-TEM, aliquots of sample were loaded onto holey carbon grids and blotted with 
a piece of filter paper to give a thin liquid film. The latter was vitrified by quickly 
immersing the grid in liquid ethane and transferred to a Zeiss EM922 EF transmission 
electron microscope. Analyses were performed at 90 K and an acceleration voltage of 
200 kV. A Gatan Ultrascan 1000 CCD camera was used for imaging. Recording and 
processing of images was accomplished with the aid of the Digital Micrograph software 
package (version 3.9). 
VII.4.3.7. Penetration Scan Studies 
Penetration scans were performed as described in Chapter IV.4.2. A JVC digital camera 
(TK-C130) mounted on a Leitz Orthoplan microscope (Wetzlar, Germany) was used for 
imaging. Temperature control was realized by a Linkham hot stage (TMS90) equipped 
with a CS196 cooling system. A rate of 10°C min-1 was chosen for heating and cooling 
in all cases. 
VII.4.3.8. Establishment of the Phase Diagram 
Liquid-crystalline samples were prepared as described in Chapter IV.4.2. As for the 
choline soaps, a first concentration-dependent mapping of the aqueous phase behavior 
of ChDS was achieved by visual inspection of the samples between crossed polarizers at 
different temperatures. Samples were prepared in concentration steps of 5 wt% 
concentration steps. The temperature interval studied ranged from 0°C to 90°C and was 
monitored with a heating rate of about 5°C per hour. Samples were checked initially 
after 2 days and after ageing for 1 month. Phase boundaries were thereby determined 
based on the latter results. 
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VII.4.3.9. Cytotoxicity Tests 
The cytotoxicity of ChDS, SDS and ChC12 was assessed on two distinct human cell 
lines, namely HeLa (cervix carcinoma, ATCC CCL17) and SK-Mel-28 (keratinocytes, 
CLS 300337) by using the MTT assay.52,53 This procedure is based on the reduction of 
the yellow MTT salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to 
a blue formazan dye by mitochondrial dehydrogenase in viable cells. Details on the 
measurements are given in Chapter III.4.3. The IC50 value, which represents the 
surfactant concentration that induces 50% loss of the viable cells (relative to the 
untreated control cells), was derived from concentration-dependent response curves (8 
different concentrations). Experiments were carried out in triplicate over several weeks 
while, on one day, IC50 values were determined in four independent measurements, each 
being the average of two analyses of a given sample. 
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Chapter VIII Oligoether Carboxylates – Task-
Specific Room-Temperature Ionic 
Liquids 
 
Recently, a new family of ionic liquids based on oligoether carboxylates was 
introduced. 2,5,8,11-Tetraoxatridecan-13-oate (TOTO) was shown to form room-
temperature ionic liquids (RTILs) even with small alkali ions such as lithium and 
sodium. However, the alkali TOTO salts suffer from their extremely high viscosities 
and relatively low conductivities. Therefore, in this study the alkali cations have been 
replaced by tetraalkylammonium (TAA) ions (tetraethyl- (TEA), tetrapropyl- (TPA), 
and tetrabutylammonium (TBA). In addition, the environmentally benign quaternary 
ammonium ion choline (Ch) was included in the series. All salts were found to be ionic 
liquids at ambient temperatures with a glass transition typically at around -60°C. 
Viscosities, conductivities, solvent polarities and Kamlet-Taft parameters were 
determined as a function of temperature. When using quaternary ammonium ions, the 
viscosities of the resulting TOTO ionic liquids are more than 600 times lower while 
conductivities increase by a factor of up to 1000 compared to their alkali counterparts. 
Solvent polarities further reveal that choline and TAA cations yield TOTO ionic liquids 
which are more polar than those obtained with the, per se, highly polar sodium ion. 
Results are discussed in terms of ion-pairing and structure-breaking concepts with 
regard to a possible complexation ability of the TOTO anion. 
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VIII.1. Introduction 
In the past two decades, ionic liquids (ILs) – being defined as salts with melting points 
below 100°C – have attracted an enormous deal of attention due to their potential as 
green alternatives to common organic solvents.1 Since ILs consist entirely of ions, their 
vapor pressure is, in contrast to molecular liquids, almost non-detectable. Beyond that, 
solvent properties such as viscosity, conductivity, polarity and thermal stability can be 
tuned by combining adequate pairs of cations and anions.  
The reduced melting points of ILs can usually be obtained by hindering a regular 
crystalline packing of the ions.2 An efficient means to achieve this is the use of large 
and preferably non-symmetrical ions, which have high conformational flexibility and 
delocalized charge distribution.2 Therefore, previous work has widely been focused on 
cations such as imidazolium, pyridinium, or pyrollidinium and halogenated anions like 
hexafluorophosphate (PF6-), tetrafluoroborate (BF4-) or triflate (SO3CF3-).3 
However, the non-volatility and the low vapor pressure of ILs do not a priori imply that 
these substances are biocompatible. Several studies disclosed the potential toxic impact 
of imidazolium and pyridinium derivatives.4-8 Large cations, particularly those with a 
certain hydrophobicity, exhibit intrinsic toxicity due to their capability to adsorb on 
natural surfaces and interact with DNA.9 In turn, knowledge about ILs based on small 
cations and larger anions, especially concerning salts which are liquid at room 
temperature (RTILs), is still strongly limited.  
Recently, alkali metal oligoether carboxylates were reported as a new class of ILs.10-12 
Using 2,5,8,11-tetraoxatridecan-13-oate (TOTO, shown in see Fig. VIII.1) as anion and 
small alkali ions such as lithium and sodium, RTILs of high electrochemical and 
thermal stability are gained.10 The observed low melting points can thereby be ascribed 
mainly to the introduction of ethylene oxide (EO) units, which increase the chain 
flexibility of the anion. Dielectric relaxation and polarity measurements showed that 
Na-TOTO forms a cross-linked structure with strong –COO-···Na+ interactions rather 
than a crown ether-like complex.12 However, these strong ionic interactions cause low 
ionicities of the alkali TOTO salts and viscosities as high as for example 
~164 000 mPa s with sodium as cation, which is comparable to polymer melts or syrup. 
It is well-known that the binding strength between carboxylates and alkali ions 
decreases with growing size of the cation (Li+ > Na+ > K+ > Cs+).13,14 Further, the 
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fluidity and ion mobility of ILs is commonly expected to increase when ion association 
is weakened.15,16 On this account, the alkali cations in TOTO ILs were substituted by 
bulky tetraalkylammonium (TAA) ions, namely tetraethyl- (TEA), tetrapropyl- (TPA) 
and tetrabutylammonium (TBA) (see Fig. VIII.1). In addition, choline (Ch) as a benign 
quaternary ammonium ion of biological origin has been investigated.17-19  
 
Fig. VIII.1 Molecular structure of the investigated ionic liquids, which consist of the TOTO 
anion and various cations: (1) quaternary ammonium ions with R= CH2CH3 (TEA), 
CH2CH2CH3 (TPA), CH2CH2CH2CH3 (TBA), and (2) choline (Ch).  
Ionic liquids based on saturated ammonium ions have been described in the literature 
and were found to be featured by satisfactory electrochemical stability as compared to 
1,3-dialkylimidazolium cations, which renders them promising candidates for 
electrolytes in high-energy devices.20-23 However, most of these TAA ILs comprise 
halogenated anions, among which bis(trifluoromethanesulfonyl)imide (TFSI-) and 
hydrophobic perfluoroalkyltrifluoroborates proved to be most efficient in terms of low 
viscosity and high conductivity.23 Very recently, also choline was employed for the 
design of novel, truly green ionic liquids with anions such as short- and middle-chain 
alkanoates,24 lactate,25 saccharinate,26 acesulfamates,26, 27derivatives of phosphate28 or 
naphtenic acid.29 
In the present work, TAA- and Ch-TOTO ILs were synthesized and characterized with 
respect to basic physical solvent properties such as glass or melting temperatures, 
decomposition temperatures, as well as temperature-dependent viscosities and 
conductivities. The studied ILs were moreover classified according to a Walden plot in 
analogy to the work by Xu et al.16,30 Finally, empirical solvent polarities by means of 
ETN-values and Kamlet-Taft parameters were determined at various temperatures. 
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VIII.2. Results and Discussion 
VIII.2.1. Decomposition and Glass Temperatures 
The Tdec and Tg values obtained for the studied compounds are listed in Table VIII.1. 
The thermal stability of TAA- and Ch-TOTO is limited to (189-218)°C, which is 
(139-195)°C lower than for the alkali derivatives.10 This finding can likely be ascribed 
to the organic nature of the cations and the well-known poor thermal stability of 
tetraalkylammonium ions.31,32 
Table VIII.1 Decomposition (Tdec) and glass (Tg) temperatures and  
molar volumes (Vm) at 25°C of TAA- and Ch-TOTO ionic liquids. 
Cation Tdec / °C Tg / °C Vm /cm3 mol-1 (25°C) 
Ch 218 -58 288 
TEA 196 -62 328 
TPA 189 -57 397 
TBA 190 -61 464 
It is further evident from Table VIII.1 that all investigated TOTO salts are liquid at 
room temperature and exhibit a glass transition at around -60°C. Comparing these 
results to the lithium and sodium TOTO salts, which show glass points at -53°C and 
-57°C, respectively,10 suggests that the liquid range of TOTO ILs towards low 
temperatures is almost not affected when changing the cations. This is remarkably when 
noting that the molecular volume, Vm, increases by a factor of 2.6 from Na- to TBA-
TOTO (Table VIII.1). Actually, Xu et al. identified a minimum in the relationship 
between Tg values (which are representative for the cohesion energy) and molar 
volumes (which characterize the interionic spacing) for a variety of quaternary 
ammonium RTILs with distinct halogenated anions.16,33 Thus, it has been proposed that 
the origin of the large liquid range observed for TOTO salts of small alkali and large 
quaternary ammonium differs. Alkali TOTO ILs were shown to exhibit strong ion-
paring,10,12 similarly as the phosphonium ILs reported by MacFarlane and coworkers.34 
Accordingly, they can be considered more as an “intermediate” solvent between true 
molecular solvents and true ionic liquids. The formed “liquid ion pairs” are featured by 
attenuated intermolecular Coulomb interactions, which leads to low Tg values. By 
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contrast, TAA- and Ch-TOTO ILs indeed are dissociated salts, as will be demonstrated 
in the following. Generally, quaternary ammonium compounds are known to melt at 
much lower temperatures than inorganic salts.35,36 Thereby, TOTO appears to be a very 
efficient anion to enhance their liquid range even further. 
Earlier studies on quaternary ammonium RTILs reported an increase of Tg when alkyl 
ether groups were inserted in the alkyl side chain of the cation,33 while others observed a 
decrease.23 These diverging results may rest upon two opposing effects of the alkyl 
ether groups. On the one hand, the introduction of ether functionalities renders the 
system more polar relative to simple alkyl chains, which would result in higher Tg 
values. On the other hand, it also increases the chain flexibility, which causes lower Tg 
values. In the present case, the enhanced chain flexibility seems to outbalance the higher 
polarity. This becomes further manifest when comparing the glass temperature of Ch-
TOTO, for instance, to the melting points (Tm) of choline alkanoates, which have 
recently been discovered to be ionic liquids.24,32,37 Choline octanoate, for example, 
melts at 26°C.24 This means that the four additional oxygen atoms present in Ch-TOTO 
suppress the melting point by 84°C to a glass transition. Choline dodecanoate forms 
lamellar liquid crystals at 68°C and melts into an isotropic liquid phase at about 
(120-150)°C.37 Thus, substitution of four CH2 groups by four oxygens in the alkyl chain 
provokes a melting to glass point reduction of more than 178°C. In this context, it 
should be emphasized that the studied TOTO ILs do not display thermotropic 
mesomorphism. 
Further, it should be noted that glass temperatures commonly provide a measure for the 
ion mobility or the fluidity of RTILs at ambient temperature.16,33 The Tg values detected 
for TOTO ILs vary within less than 4°C even when replacing the small sodium by the 
big TBA ion. Nevertheless, the fluidities of the ILs differ considerably, as discussed 
below. 
VIII.2.2. Viscosity and Conductivity Measurements 
Fig. VIII.2 shows the plots of the viscosity and conductivity of the different RTILs as a 
function of temperature. The experimental data can in both cases be well described by 
the empirical Vogel-Fulcher-Tamman (VFT) equation (see Equations (VIII.1) and 
(VIII.2)).38 It contains three adjustable parameters, namely the pre-exponential factor η0 
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or κ0, the pseudo-activation energy Eη or Eκ, and the so-called VFT temperature T0η or 
T0κ.38 
    ln η = ln η0 + Eη / R (T - T0η) (VIII.1)
    ln κ = ln κ0 - Eκ / R (T - T0κ ) (VIII.2)
The results of the corresponding fits are summarized in Table VIII.2 and Table VIII.3. 
T0η and T0κ can be regarded as ideal glass transition temperatures. Their values are about 
(27-86) °C lower than those determined experimentally for Tg, which is in line with 
previous work.38  
Table VIII.2 VFT parameters obtained from fits of temperature-dependent viscosity data 
according to Eqn. (VIII.1) for TAA- and Ch-TOTO ionic liquids. 
Cation ln η0 (P) Eη / eV T0η / K 
Ch -11 ± 3 0.18 ± 0.09 129 ± 46 
TEA -6.8 ± 0.3 0.076 ± 0.007 184 ± 6 
TPA -11 ± 1 0.17 ± 0.03 144 ± 14 
TBA -11 ± 1 0.18 ± 0.03 137 ± 16 
Table VIII.3 VFT parameters obtained from fits of temperature-dependent conductivity data 
according to Eqn. (VIII.2) for TAA- and Ch-TOTO ionic liquids. 
Cation ln κ0 (S m-1) Eκ / eV T0κ / K 
Ch 62.31 ± 1.63 0.090 ± 0.001 178.3 ± 0.4 
TEA 61.7 ± 2.46 0.071 ± 0.001 182.4 ± 0.8 
TPA 87.25 ± 7.62 0.093 ± 0.002 179.2 ± 1.4 
TBA 72.16 ± 3.50 0.106 ± 0.001 168.5 ± 0.8 
As evident from Fig. VIII.2 a, the viscosities of the investigated TOTO ILs increase 
with the size of the TAA cation, while an inverse trend is observed for their 
conductivities (Fig. VIII.2 b). This behavior is a common phenomenon. The reinforced 
van der Waals interactions provoke higher viscosities, while a lower charge density per 
unit volume accounts for the decrease of the specific conductivity.16,23,31,33 Ch-TOTO 
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shows η and κ values close to those of TPA-TOTO. The non-symmetrical structure and 
smaller size of the choline cation is actually expected to promote a lower viscosity as 
compared to TEA-TOTO.15,30 Probably, the terminal hydroxyl group of choline gives 
rise to inter-molecular hydrogen bonding, which increases the viscosity. 
 
 
Fig. VIII.2 (a) Viscosities and (b) specific conductivities of TAA- and Ch-TOTO ionic liquids 
as a function of temperature (( ) TEA, ( ) TPA, ( ) TBA), ( ) Ch). Full lines represent fits 
according to the empirical Vogel-Fulcher-Tamman equation. Corresponding fit parameters are 
given in Table VIII.2 and Table VIII.3. 
The η and κ values at 25°C are further listed in Table VIII.4. The viscosities of TAA- 
and Ch-TOTO ILs vary between 264 mPa s and 841 mPa s, and the conductivities 
between 11 µS cm-1 and 517 µS cm-1. The magnitudes of both, η and κ, are comparable 
to those of common 1-butyl-3-methylimidazolium ionic liquids with anions such as PF6- 
or TFSI-.39-41 It has previously been pointed out that small quaternary ammonium ions 
are suitable for the design of low viscous RTILs.20,21,23,42,43 For instance, Yu et al. 
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demonstrated that the combination of small tetraalkylammonium ions with certain 
amino acids yields RTILs with viscosities as low as 81 mPa s (TEA and α-alanine).42 
Choline has also been shown to form moderately viscous RTILs, for example with 
naphtenic29 or carboxylic acid32 derivatives. Reported viscosities29,32 and 
conductivities29 are in a similar range as those of Ch-TOTO. 
Table VIII.4 Viscosities and specific as well as molar conductivities of TAA- and Ch-TOTO 
ionic liquids at 25°C in comparison to values reported for Na-TOTO.10 
Cation η / mPas κ / µS cm-1 104 Λm / S m2 mol-1 
Ch 665 10.8 0.031 
TEA 264 516.6 0.170 
TPA 720 97.6 0.039 
TBA 841 55.5 0.026 
Na 164 000 0.5 9.1 10-5 
However, the peculiarity of the present data lies in the TOTO anion and its ability to 
form RTILs with different simple and commercially available cations, which cover a 
wide range of accessible viscosity and conductivity values. Essentially, by exchanging 
Na for TEA (Table VIII.4), the viscosity of the resulting TOTO IL is depressed by a 
factor of beyond 600, while the conductivity increases more than 1000 times. In the 
light of these findings, we suspect that the cross-linked structure characterizing Na-
TOTO12 is broken up and interactions between the cation and the carboxylate group are 
weakened when replacing sodium by TAA ions or choline. This notion is corroborated 
by the Walden plot (see below). 
VIII.2.3. Walden Plot 
The association of cations with anions, i.e. the ionicity of ILs, can be assessed by the 
use of a Walden plot as suggested by Angell and coworkers.15,16,44 The Walden rule 
relates the ionic mobilities (represented by the molar conductivity Λm) to the fluidity 
(1 / η) of the medium.15 If the ions can move independently from their surrounding 
neighbors, i.e. the salt is fully dissociated, the plot gives a line of unit slope such as for 
dilute aqueous KCl solutions.15,16 In turn, if ion pairs are formed, the movement of the 
distinct ions will be correlated leading to a negative deviation from the ideal line.15 
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Angell and coworkers quantified this vertical deviation (ΔW) and classified ILs 
according to it.15,16 ILs close the KCl line (ΔW < 1) combine high fluidities with high 
conductivities and are therefore referred to as “good” ionic liquids.15,16 Such ILs are in 
addition usually featured by very low vapor pressures and are hence suitable as solvents 
for green syntheses.15,16,45 In turn, ILs with ΔW > 1 (“poor” ionic liquids) exhibit less 
than 10% of the ionic conductivity as would have been expected on the basis of fluidity 
and a full dissociation of the salt.46 
As evidenced by the Walden plot (Fig. VIII.3) and the ΔW values (Table VIII.5), TAA- 
and Ch-TOTO ILs are located close to the ideal line (ΔW <1) and thus belong to the 
class of “good” ionic liquids. In line with the trend indicated by the viscosity and 
conductivity data, ΔW increases in the order TEA < TPA < TBA, while Ch-TOTO is 
located between TPA- and TBA-TOTO. As mentioned above, intermolecular hydrogen 
bonding of the hydroxyl group of choline likely prevails over the effect of its smaller 
non-symmetrical structure. 
 
Fig. VIII.3 Walden plot of TAA- and Ch-TOTO ionic liquids (( ) TEA, ( ) TPA, ( ) TBA), 
( ) Ch) for temperatures ranging from 10°C to 60°C (from the left to the right), as compared to 
the ideal KCl line (full line) and Na-TOTO (?) (values taken from Ref.10).  
Interestingly, the TOTO salt of the considerably smaller sodium ion has previously been 
assigned to the class of “poor” RTILs (cf. Fig. VIII.3).10 In view of the proposed cross-
linked structure of Na-TOTO,12 the differing positions of TAA- or Ch-TOTO ILs in the 
Walden plot can probably be ascribed to a more “loose” three-dimensional organization, 
simply due to the larger cation sizes. In addition, the higher ionicity of TAA- and Ch-
TOTO ILs is likely to be caused by weakened ionic interactions between cations and 
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anions as compared to alkali-TOTO RTILs, which is in agreement with the literature.14 
However, simply increasing the cation radius does not necessarily improve the 
performance of TOTO RTILs in terms of low ΔW values, since the highest ionicity has 
been detected for the smallest TAA ion, namely TEA. Insertion of functional groups 
such as -OH in the ammonium ions further promotes larger ΔW values of the ionic 
liquids. 
Table VIII.5 Deviation ∆W of TAA- and Ch-TOTO ionic liquids from the ideal KCl line  
in the Walden plot at different temperatures. 
T / °C 10 20 25 30 40 50 60 
Ch 0.7 0.7 0.7 0.7 0.7 0.8 0.8 
TEA 0.3 0.3 0.3 0.4 0.4 0.4 0.4 
TPA 0.6 0.5 0.6 0.6 0.6 0.6 0.7 
TBA 0.7 0.7 0.7 0.7 0.8 0.9 0.9 
The observed minimum in the relationship between cation radius and ionicity of TOTO 
ILs can be interpreted in terms of a balance between attractive and repulsive forces: the 
inter-ionic cohesive coulomb energy decreases with growing cation size, while the van 
der Waals energy increases.16 
The present results suggest that the fluidity and ion mobility of TOTO salts should be 
further enhanced when applying small, non-symmetrical saturated ammonium ions 
without functional groups. Indeed, such effects have been verified by Yu et al. in 
combination with amino acid anions.31 Also, primary amines were shown to be suitable 
cations for the design of low viscous and highly conductive RTILs with a variety of 
anions.15,30,43 This trend should be valid as well for ILs based on the TOTO anion. Work 
addressing this question is currently in progress and preliminary results confirm the 
latter hypothesis. Alternatively, lower viscosities and higher conductivities could be 
achieved by modifying the structure of the TOTO anion, for example, by introducing 
additional EO groups or longer alkyl chains, as indicated by the studies of Watanabe 
and coworkers.47,48 However, a particular advantage of the TOTO anion is that the 
corresponding acid can be obtained in high purity by distillation, which is not possible 
for longer-chain derivatives containing more EO units. 
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VIII.2.4. Polarity Parameters 
In 1994, the IUPAC committee verified the definition of solvent polarity as the 
solvent’s overall solvation capability (or solvation power).49,50 A comprehensive scale 
for the solvent polarity, including most organic solvents as well as many ionic liquids, 
has been developed empirically on the basis of ET(30) or normalized ETN values. These 
are derived from the solvatochromic shift of Reichardt’s dye No. 30 (1) (cf. Fig. 
VIII.6).50,51 The temperature dependence of the polarity of a solvent, i.e. its thermo-
solvatochromism, can also be traced by dye 1.52 Typically, the solvation capability of 
molecular solvents is higher at low temperatures.52 Several studies confirmed this trend 
to be also valid for common ILs.53-56 However, a reversed tendency, i.e. an increase of 
polarity towards higher temperatures, has recently been identifed by Khupse et al. for 
phosphonium-based ILs,57 which are known to exhibit low ionicities due to strong ion-
pairing.34 ETN values determined for TAA- and Ch-TOTO ILs are outlined in Fig. VIII.4 
A as a function of temperature.  
The thermo-solvatochromism of the studied compounds is rather weakly pronounced 
and proceeds as commonly expected, that is, the polarity decreases when the 
temperature is raised.56 Within the series of cations investigated, the ETN values increase 
in the order TBA < TPA < TEA << Ch. The decrease of polarity with growing alkyl 
chain length is a well-known phenomenon,54,58,59 accounting for the trend observed for 
the different TAA ions. Further, the high polarity of Ch-TOTO is reasonable in view of 
the small alkyl substituents and the polar terminal OH group of choline. Nevertheless, it 
has to be kept in mind that the ETN value is strongly influenced by the hydrogen-bond 
donor (HBD) ability of choline, which give rise to specific hydrogen-bond interactions 
with the phenoxide oxygen of dye 1.51,55,60,61 As illustrated by Equation (VIII.6), the 
magnitude of ETN reflects in case of non-HBD solvents, such as the TAA-TOTO ILs, 
mainly the dipolarity and the polarizability of the medium, while for HBD solvents the 
hydrogen-bond acidity can be the ETN-determining solvent property.56 This is supported 
by the Kamlet-Taft parameters and will be discussed further in the following 
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Fig. VIII.4 Polarity and Kamlet-Taft parameters of TAA- and Ch- TOTO ionic liquids (( ) 
TEA, ( ) TPA, ( ) TBA), ( ) Ch) as a function of temperature: (A) polarity ETN, (B) 
dipolarity/polarizability ratio π*, (C) hydrogen-bond acidity α and (D) hydrogen-bond basicity 
β. 
A comparison of the ETN parameters of TOTO ionic liquids to common molecular 
solvents as well as to conventional imidazolium ILs is given in Fig. VIII.5. Apparently, 
TAA-TOTO salts (ETN = 0.41-0.47) belong to the class of dipolar non-HBD (“aprotic”) 
solvents such as acetonitrile.58 Other quaternary ammonium melts, as for instance tetra-
n-hexylammonium benzoate (ETN = 0.41),58 show very similar polarities. In turn, Ch-
TOTO can be considered as a dipolar HBD (“protic”) solvent like for example short-
chain primary and secondary alcohols.51 Its polarity is comparable to that of tetra-n-
ethylammonium acetate (ETN = 0.55)58 or to those of common 1,3-dialkyl-imidazolium 
ionic liquids.56 Interestingly, the ETN value of Na-TOTO is significantly lower than 
those of TOTO ILs with quaternary ammonium cations, despite the high charge density 
of the sodium ion. This is well in line with the results of the Walden plot and further 
underlines that Na+ is strongly bound to the TOTO anion, whereas TAA- and Ch-TOTO 
ILs are much more dissociated salts. Moreover, it is worth pointing out that the 
combination of the TOTO anion with different conventional cations gives room-
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temperature ionic liquids showing a broad variety of ETN values (ETN = 0.34-0.55),12 
which meets the demands of task-specific solvent design. 
 
Fig. VIII.5 Classification of TOTO RTILs in the normalized ETN scale (25°C) as compared to 
various molecular solvents and conventional ionic liquids. The scheme and the ETN range of 
imidazolium-typed ILs are partly based on a drawing by Reichardt in 2005.56 Values for the 
molecular solvents and Na-TOTO were adapted from refs. 36 and 12, respectively. 
A more detailed insight to solute-solvent interaction can be gained by the three solvent 
parameters introduced by Kamlet, Abboud and Taft (KAT).56,62,63 These are the 
dipolarity / polarizability ratio π*, the hydrogen-bond donor (HBD) ability (or acidity) α, 
and the hydrogen-bond acceptor (HBA) ability (or basicity) β.51 Fig. VIII.4 B-D shows 
the distinct Kamlet-Taft parameters of TAA- and Ch-TOTO ILs and their variation with 
temperature. The observed decrease of π* with rising temperature agrees well with 
previous work.12,53,54,64 Interestingly, α and β exhibit an inverse trend, i.e. their values 
increase with temperature. Similar observations have recently been made for 
pyridinium,54 pyrrolidinium57 and phosphonium57-based ILs. Lee et al. suggested that 
the hydrogen-bond donor and acceptor capabilities are influenced by steric effects, 
which are less pronounced at higher temperature.54 Such steric effects are likely to 
operate also in TAA- and Ch-TOTO ILs. Thus, the proposed mechanism may account 
also for the present data. To facilitate the following comparison of the data, the values 
of the polarity parameters at 25°C are listed in Table VIII.6.  
The π*scale was designed to be free from specific solvent-solute interactions such as 
hydrogen bonding and ranges for molecular solvents typically from π* = 0 for 
cyclohexane to π* = 1.09 for water.55,56,65 The present experiments yielded π* values 
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between 1.09 and 1.02 for TAA- and Ch-TOTO ILs, hence rendering them comparable 
to water (which has the highest π* among all molecular solvents) or other ionic liquids 
such as choline propionate (π*= 1.05)32 or 1-ethyl-3-methylimidazolium acetate (π*= 
1.09).60 Further, the dipolarity / polarizability ratio π* of TOTO ILs increases with the 
cation according to Na12 << Ch ≤ TBA < TPA < TEA. A possible scenario explaining 
this trend is as follows. 
Table VIII.6 Polarity parameters of TAA- and Ch-TOTO ILs at 25°C,  
in comparison to values reported for Na-TOTO.12 
Cation ET(30) / kcal mol-1 ETN π* α β 
Ch 48.41 0.547 1.015 0.403 0.981 
TEA 45.92 0.470 1.090 0.185 1.227 
TPA 44.79 0.435 1.056 0.147 1.296 
TBA 44.01 0.411 1.021 0.131 1.347 
Na 41.81 0.342 0.800 0.191 1.027 
Generally, the dipolarity of a compound is determined by its permanent dipole moment 
p, which is given by the product of the magnitude of charges q and their distance r 
( p q r= ⋅ ). TAA cations do not have a permanent dipole moment. However, their 
combination with the TOTO anion gives rise to a considerable dipolarity of the salt as a 
consequence of the relatively “separated” charges. The magnitude of the corresponding 
dipole moment is expected to increase (although probably not linear due to bending of 
the alkyl side chains)66 with the size of the cation (TEA < TPA < TBA) due to a 
growing distance between the positive and negative charge. However, exactly the 
opposite trend is found for the π* values. Therefore, the polarizability of TAA cations 
must have a predominant influence. In general, the polarizability of a molecule or ion 
increases with the number of valence electrons and thus, usually, with its size. For the 
different TAA ions, it should scale with the chain length of the alkyl moieties according 
to TBA > TPA > TEA. This agrees with the observed trend in π*. Apparently, for TAA-
TOTO ILs the contribution of the polarizability prevails over that of the dipolarity, 
which is in line with the results of Tokuda et al., who also reported a decrease in π* with 
growing alkyl chain length.59 The choline ion is supposed to be featured by an even 
lower polarizability than TEA in view of its short alkyl substituents. Consequently, Ch-
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TOTO should have the highest π* in the series. However, this is not observed as π* 
values determined for Ch-TOTO equal nearly exactly those of TBA-TOTO (or are even 
lower). This implies that the dipolarity of Ch-TOTO must be significantly lower than 
that of TAA-TOTO salts. This is reasonable when considering that in Ch-TOTO 
opposed "intramolecular" dipole moments exist, since the choline itself has a permanent 
dipole moment due to its non-symmetrical structure and, in particular, due to its 
terminal OH group. Therefore, the overall dipolarity of the salt is reduced relative to 
TAA-TOTO ILs, effecting a “lowered” π* value. This might be an alternative 
explanation (instead of hydrogen bonding) for the localization of Ch-TOTO in the 
Walden diagram as compared to TAA-TOTO ILs. 
The proposed scenario would also rationalize the much lower π* values reported for Na-
TOTO.12 The strong cation-anion interactions in the cross-linked structure of Na-TOTO 
result in a short distance between Na+ and COO-, and hence an overall considerably 
reduced dipolarity of the salt, which is in line with the ETN scale (cf. Fig. VIII.5). 
The α values of TAA-TOTO ILs vary from 0.13 to 0.19 and are rather low as expected 
for non-HBD solvents, ranging between those of acetone (α = 0.20) and 
dichloromethane (α = 0.04).67 The acidity of the hydroxyl group of choline becomes 
manifest in the 2-3 times larger α measured for Ch-TOTO (α = 0.40). This confirms that 
the detected high ETN value is strongly affected by the hydrogen acidity of the IL. The 
HBD ability of Ch-TOTO coincides with that of 1-ethyl-3-methylimidazolium acetate 
(α = 0.40)60 and is slightly lower than that of choline propionate (α = 0.52).32 
The β values traced for TAA-TOTO ILs range between 1.23 and 1.35, which is 
considerably higher than what was found for molecular solvents and most ionic 
liquids,53,68-70 including for example imidazolium- and pyridinium-type salts (β = 0.28-
0.33).54 Very recently, Doherty et al. demonstrated that the β parameter provides a 
measure for the efficiency of ILs to serve as a solvent in lignocellulosic biomass 
pretreatment.71 The extraction power for lignin and yields of fermentable sugar were 
reported to increase with the β value. Thereby, 1-butyl-3-methylimidazolium acetate 
(β = 1.18) was most efficient among the ILs investigated in the study.71 Since the β 
values of TAA-TOTO ILs are even higher, they might be promising candidates for such 
applications. 
When considering that the hydrogen-bond acceptor or, in other words, the electron-pair 
donor (EBD) ability of an ionic solvent originates mainly from the anion,59,68 the β 
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parameter should be representative for the strength of cation-anion interactions. For the 
present case, this implies that strong binding of the COO- group to a given cation would 
suppress its electron-pair donor ability, which results in low β values. In this context, 
the observed order β (Na-TOTO) << β (TEA-TOTO) < β (TPA-TOTO) < β (TBA-
TOTO) would very well match the known association tendency of carboxylates.13, 14 
However, the choline cation breaks the trend as it exhibits even smaller β values than 
Na-TOTO. This can most probably be attributed to a feasible HBA ability of the 
hydroxyl group of choline. As observed likewise for the magnitudes of π* and α, Ch-
TOTO (β = 0.98) is, in terms of its β value, comparable to 1-ethyl-3-methyl-
imidazolium acetate (β = 0.95)60 and choline propionate (β = 0.98)32 ILs. 
VIII.3. Conclusion 
Tetraalkylammonium and choline salts of 2,5,8,11-tetraoxatridecan-13-oic acid 
(TOTOA) were found to be room-temperature ionic liquids with glass transitions at 
around -60°C. The introduction of EO units in the TOTO anion and the concomitant 
gain in chain flexibility is apparently very effective in reducing melting or glass points 
of salts. Viscosities increased in the order TEA < TPA ≈ Ch < TBA (η (25°C) = (240 –
 860) mPa s) and were accompanied by a decrease in conductivity (κ (25°C) = (517 – 
11) µS cm-1). Thus, relative to alkali TOTO ILs, both properties could be considerably 
improved by applying quaternary ammonium cations (η lowered by a factor of ~600, κ 
increased by a factor of ~1000). The Walden plot further revealed that TAA- and Ch-
TOTO are, in contrast to Na-TOTO, featured by high ionicity and belong to the class of 
“good” ionic liquids. With respect to solvent polarity, ETN values obtained for TAA-
TOTO ILs show that they can be considered as dipolar aprotic solvents, while Ch-
TOTO is a dipolar protic solvent. Remarkably, ionic liquids formed by TOTO and the 
per se highly polar sodium ion are in fact less polar than those comprising quaternary 
ammonium ions. Taken this and the Walden plot into account, the strong cation-anion 
interactions of small alkali ions and TOTO appear to be substantially weakened when 
using quaternary ammonium species as cations. This is supported by the measured 
Kamlet-Taft parameters, in particular by the values of π* and β. Thereby, it should be 
stressed that the magnitude of β found for the studied salts is extraordinarily high as 
compared to common molecular solvents or ionic liquids. 
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The TOTO anion is obviously capable of forming RTILs with a variety of cations and 
therefore depicts a new promising class of ILs. The obtained results demonstrate that 
the viscosity, conductivity and solvent polarity of TOTO ILs can be effectively tuned 
over a large range by varying the cation, thus permitting truly task-specific design. 
 
VIII.4. Experimental 
VIII.4.1. Materials and Syntheses 
2,5,8,11-Tetraoxatridecan-13-oic acid (TOTOA) was synthesized according to a 
procedure described previously.10 The purity of TOTOA (99.4%) was verified by GC-
analysis. Ionic liquids were obtained by direct neutralization of the free TOTO acid and 
the respective quaternary ammonium hydroxide. Since TOTOA is a weak acid (pKa 
similar to acetic acid) and the applied hydroxides are strong bases, the neutralization 
reaction is considered to be quantitative, which is confirmed by the recorded NMR 
spectra. The following bases were used as received: choline hydroxide (purum, 
44.6 wt% in methanol, Sigma-Aldrich), tetraethylammonium hydroxide (purum, 
25.8 wt% in methanol, Fluka), tetrapropylammonium hydroxide (purum, 1.02 M in 
water, Fluka), tetrabutylammonium hydroxide (puriss., 1.00 M in water, Fluka). After 
stirring the neutralized mixtures for about 12 h, the solvent was removed either by a 
rotary evaporator or via lyophilization. Subsequently, the salts were dried for about 3 
days at 40°C in high vacuum (p< 10-8 bar), yielding colorless or slightly yellow liquids. 
Initially, tetramethylammonium (TMA) was also included in the cation series. However, 
NMR data revealed a non-sufficient purity of the TMA-TOTO salt, which probably 
arises from the TMA base being liable to decomposition. Since it was not possible to 
ensure an adequate quality of TMA-TOTO, it was not considered in the present study. 
VIII.4.2. Methods 
VIII.4.2.1. Analytics 
The purity of the as-prepared ionic liquids was confirmed by 1H NMR (CDCl3), 13C 
NMR (CDCl3) and ES-MS (electro-spray mass spectroscopy). NMR spectra were 
recorded on a Bruker Avance 300 spectrometer at 300 MHz with tetramethylsilane 
(TMS) as internal standard. Mass spectrometry was performed a ThermoQuest Finnigan 
TSQ 7000 instrument. The water content of the ionic liquids was determined by a 
Oligoether Carboxylates – Task-Specific Room-Temperature Ionic Liquids 
160 
coulometric Karl-Fischer titration with the aid of an Abimed MCI analyzer (Model CA-
02). Gas chromatography (GC) was carried out on a HP-5 column with high-purity 
helium as carrier gas, using a HP 6890 chromatograph equipped with an autosampler 
and a FID detector. 
 
Choline 2,5,8,11-tetraoxatridecan-13-oate (Ch-TOTO): 
δH (300 MHz; CDCl3): 3.1 (m, 12 H; (CH3)3N, CH3O), 3.4 (m, 14 H; CH2), 3.7 (s, 2 H; 
CH2COO-), 3.9 (s, 2 H, CH2OH), 7.2 (s, 1 H, CH2OH); 
δC (300 MHz; CDCl3): 54.5 ((CH3)3N), 56.1 (CH2OH), 58.9 (CH3O), 68.4 
(CH2CH2OH), 69.8 (CH2COO-), 70.3 – 70.6 (CH2), 71.5 (CH2), 71.9 (CH3OCH2), 
175.2 (COO-); 
ES-MS (H2O / MeOH / MeCN): m/z (%) (+p): 103.9 (100) [M+], 147.8 (11), 429.2 (18) 
[2M+ + M-]; m/z (%) (-p): 220.9 (100) [M-], 546.3 (7) [2M- + M+]; 
Water content (Karl-Fischer titration): (148 ± 45) ppm 
Tetraethylammonium 2,5,8,11-tetraoxatridecan-13-oate (TEA-TOTO): 
δH (300 MHz; CDCl3): 1.3 (t, 3J (H,H) = 7.4 Hz, 12 H; CH3CH2), 3.3 (s, 3 H; CH3O), 
3.6 (m, 20 H; CH2), 3.8 (s, 2 H; CH2COO-); 
δC (300 MHz; CDCl3): 7.6 (CH3CH2), 52.5 (CH3CH2), 59.0 (CH3O), 69.6 
(CH2COOH), 70.3 – 70.7 (CH2), 71.6 (CH2), 71.9 (CH3OCH2), 174.6 (COO-); 
ES-MS (H2O / MeCN): m/z (%) (+p): 130.2 (100) [M+], 481.3 (10) [2M+ + M-]; m/z 
(%) (-p): 221.0 (100) [M-], 572.3 (8) [2M- + M+]; 
Water content (Karl-Fischer titration): (161 ± 20) ppm 
Tetrapropylammonium 2,5,8,11-tetraoxatridecan-13-oate (TPA-TOTO): 
δH (300 MHz; CDCl3): 1.0 (t, 3J (H,H) = 7.1 Hz, 7.4 Hz, 12 H; CH3CH2), 1.7 (m, 8 H; 
CH3CH2), 3.3 (m, 11 H; CH3CH2CH2, CH3O), 3.5 (m, 2 H; CH2), 3.6 (m, 10 H; CH2), 
3.9 (s, 2 H; CH2COO-); 
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δC (300 MHz; CDCl3): 10.9 (CH3CH2), 15.7 (CH3CH2), 59.0 (CH3O), 60.5 
CH3CH2CH2), 69.6 (CH2COO-), 70.3 – 70.7 (CH2), 71.6 (CH2), 71.9 (CH3OCH2), 
174.6 (COO-); 
ES-MS (H2O / MeCN): m/z (%) (+p): 186.1 (100) [M+], 593.4 (11) [2M+ + M-]; m/z 
(%) (-p): 221.0 (100) [M-], 628.4 (5) [2M- + M+]; 
Water content (Karl-Fischer titration): (158 ± 70) ppm 
Tetrabutylammonium 2,5,8,11-tetraoxatridecan-13-oate (TBA-TOTO): 
δH (300 MHz; CDCl3): 0.9 (t, 3J (H,H) = 7.1 Hz, 7.4 Hz, 12 H; CH3CH2), 1.4 (sextet, 3J 
(H,H) = 7.4 Hz, 7.1 Hz, 8 H; CH3CH2), 1.6 (m, 8 H; CH3CH2CH2), 3.3 (m, 11 H; 
CH3CH2CH2CH2, CH3O), 3.5 (m, 2 H; CH2), 3.6 (m, 10 H; CH2), 3.9 (s, 2 H; 
CH2COO-); 
δC (300 MHz; CDCl3): 13.7 (CH3CH2), 19.7 (CH3CH2), 24.0 (CH3CH2CH2), 58.7 
(CH3CH2CH2CH2), 59.0 (CH3O), 69.5 (CH2COO-), 70.4 – 70.7 (CH2), 71.6 (CH2), 
71.9 (CH3OCH2), 174.6 (COO-); 
ES-MS (H2O / MeCN): m/z (%) (+p): 242.2 (100) [M+], 705.6 (12) [2M+ + M-]; m/z 
(%) (-p): 221.0 (100) [M-], 684.4 (15) [2M- + M+]; 
Water content (Karl-Fischer titration): (181 ± 35) ppm 
VIII.4.2.2. Densities 
Densities, ρ, required for the calculation of molar volumes, Vm, and molar 
conductivities, Λm, were measured at room temperature (298 K) and over a temperature 
range of (283-333) K in steps of 10 K, utilizing a vibrating tube densimeter (Anton Paar 
DMA 60). Calibration of the instrument was achieved by measuring purified dry 
nitrogen and degassed water, for which precise density values are available in 
literature.72 The uncertainty of ρ values is estimated to be less than 0.1 kg m-3. 
Experimental data of ρ are listed in Table VIII.7. Linear regressions of the ρ(T) data 
eventually yielded equations expressing the density as a function of temperature, which 
are compiled in Table VIII.8. In order to calculate Λm, ρ and therewith also Vm data were 
interpolated to exactly the same temperatures as applied for the determination of 
specific conductivities, κ. The respective results can be found in Appendix D. 
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Table VIII.7 Densities, ρ, of the investigated ILs at various temperatures. 
TEA-TOTO TPA-TOTO TBA-TOTO Ch-TOTO 
T / K  ρ / kg m-3 T / K  ρ / kg m-3 T / K  ρ / kg m-3 T / K  ρ / kg m-3 
283.22 1081.1 283.51 1037.2 283.07 1010.3 283.18 1142.4 
293.16 1074.8 293.16 1031.4 293.09 1004.0 293.15 1135.5 
298.09 1071.1 298.17 1027.8 298.17 1000.3 298.18 1131.5 
303.14 1068.0 303.17 1024.8 303.15 997.2 303.24 1128.3 
313.02 1062.0 313.15 1019.0 313.15 990.9 313.15 1122.1 
323.46 1057.4 323.15 1014.6 323.15 986.5 323.24 1117.7 
333.24 1054.6 333.13 1011.6 333.15 983.1 333.18 1114.6 
Table VIII.8 Equations for the temperature-dependent densities of TAA- and Ch-TOTO ionic 
liquids, obtained from linear regressions of the experimental data. 
Ch-TOTO ρ / kg m-3 = 1300.1 / kg m-3 – 0.56 T / K 
TEA-TOTO ρ / kg m-3 = 1232.6 / kg m-3 – 0.54 T / K 
TPA-TOTO ρ / kg m-3 = 1185.2 / kg m-3 – 0.53 T / K 
TBA-TOTO ρ / kg m-3 = 1165.7 / kg m-3 – 0.54 T / K 
VIII.4.2.3. Decomposition Temperatures 
Decomposition temperatures, Tdec, were determined by a thermogravimetric analyzer of 
Perkin-Elmer (TGA 7). Data were recorded under a constant nitrogen flow with a 
heating rate of 10 K min-1. Tdec values were obtained from onset analysis by evaluating 
the intersection of the baseline before decomposition and the tangent to the mass loss 
versus the temperature in the following. 
VIII.4.2.4. Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) was performed on a Mettler DSC 30 which 
was gently flooded with N2. Samples were sealed in aluminum pans in a nitrogen glove 
box and subsequently measured over a temperature range of (203-298) K at a heating 
rate of 10 K min-1. The half-step transition temperature of the heating curve was taken 
as the glass point (Tg).  
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VIII.4.2.5. Viscosities 
Viscosities, η, were measured under argon atmosphere on a Bohlin rheometer (CVO 
120 High Resolution) with cone / plate geometry (CP 40/4°), which was equipped with 
a temperature control unit. The investigated temperature range was (283-353) K, while 
the shear rates were varied between (10 - 500) s-1. All studied ionic liquids revealed 
constant shear stress-to-shear ratios at a given temperature (i.e. they exhibit Newtonian 
behavior). The uncertainty of η values was estimated to be about 1%. Corresponding 
experimental data are listed in Table VIII.9. In order to be able to construct a Walden 
plot, η values at exactly the same temperatures as those prevailing in the conductivity 
measurements are required. As there were slight deviations in the temperatures between 
the two techniques, η values were interpolated by a best-fit procedure as described in 
Appendix D. 
Table VIII.9 Dynamic viscosities, η, of the investigated ILs  
at temperatures ranging from 10°C to 68°C. 
TEA-TOTO TPA-TOTO TBA-TOTO Ch-TOTO 
T / K η / mPas T / K η / mPas T / K η / mPas T / K η / mPas 
283 830 286 2072 286 2350 283 2180 
293 375 294 1023 294 1178 293 1045 
298 264 298 727 298 862 298 665 
303 186 302 536 302 626 303 506 
313 103 310 293 310 346 313 230 
323 62 318 168 318 200 323 122 
333 41 325 104 325 124 333 74 
343 29 333 68 333 82 343 51 
  341 47 341 57   
VIII.4.2.6. Conductivities 
Conductivities, κ, were determined at ambient temperature (298 K) as well as in steps of 
10 K over a range of (273 - 373) K. Measurements were carried out with an custom-
designed apparatus built in-house.73,74 It consists of a precision thermostat, a 
symmetrical Wheatstone bridge with Wagner earth, a sine generator and a resistance 
decade. Temperature accuracy is estimated to ± 0.01 K (NIST traceable platinum 
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sensor, ASL). Three capillary cells, each containing a three-electrode setup, with cell 
constants, a, of (224 - 1161) m-1 were utilized. Cell constants were derived by 
measuring aqueous KCl solutions according to a procedure described by Barthel et al..75 
Resistance measurements were performed at frequencies, ν, between 480 Hz and 
10 kHz. To eliminate electrode polarization effects resistances, R, were extrapolated to 
R∞ = limν→∞R(ν).75 The relative uncertainty of the obtained electrical conductivities, κ = 
a/R∞, was estimated to be < 0.5 %. The reported temperature dependence of cell 
constants a(T)73,76 was confirmed to be negligible for the present measurements. The 
experimental data of κ are compiled in Table VIII.10. 
Table VIII.10 Conductivities, κ, of the investigated ILs between 0°C and 100°C. 
T / K 
κ / S·m-1 
TEA-TOTO TPA-TOTO TBA-TOTO Ch-TOTO 
273.15 0.00742 0.000891 0.000586 0.00110 
283.15 0.01788 0.00264 0.001606 0.00312 
293.15 0.0374 0.00653 0.00380 0.00736 
298.15 0.0517 0.00976 0.00555 0.01076 
303.15 0.0695 0.01414 0.00792 0.01525 
313.15 0.1173 0.0273 0.01496 0.0283 
323.15 0.1837 0.0482 0.0260 0.0482 
333.15 0.271 0.0796 0.0417 0.0765 
343.15 0.375 0.1211 0.0641 0.1142 
353.15 0.509 0.1752 0.0942 0.1650 
363.15 0.662 0.243 0.1318 0.227 
373.15 0.835 0.325 0.1776 0.300 
VIII.4.2.7. Absorbance  
Absorbance values, A, of dyes upon solubilization in the synthesized ILs were recorded 
on a Cary 3E spectrophotometer between 200 nm and 900 nm in steps of 0.1 nm and at 
temperatures ranging from (20 to 60) °C. Samples were measured in sealed 1 mm 
Quartz cuvettes (Helma). The temperature was monitored by NTC resistance 
thermometers with a precision of ± 0.2°C. The dyes used for the determination of 
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solvent polarity, ET(30), and Kamlet-Taft parameters were Reichhardt’s dye 30 
(Aldrich, ≥ 90% dye), N,N-diethyl-4-nitroaniline (Fluorochem, ≥ 99%) and 4-
nitroaniline (Fluka, ≥ 99%). Their molecular structures are shown in Fig. VIII.6. 
First, stock solutions of all three dyes in CH2Cl2 were prepared. An appropriate amount 
(adjusted such that 0.5 ≤ A ≤ 1) was then filled into vials and the solvent was removed 
in an exsiccator under vacuum. ILs were added in a nitrogen atmosphere so as to 
prevent contact with air. The resulting mixtures were filled into cuvettes under N2 and 
sealed. After preparation, solutions were measured within one day to ensure 
comparability of the data. The wavelength of the desired absorption maximum, λmax, 
was determined by fitting the corresponding peak with a Gaussian profile. The accuracy 
of the applied procedure was evaluated by measuring the ET values of several organic 
solvents (CH2Cl2, CH3OH, EtOH, Aceton) for which the polarity is documented in 
literature.56 ΔET = │(ET-ETLit) / TE │was found to be ≤ 2.4%. No evidence for dye 
aggregation could be discerned at the given solute concentrations. 
 
Fig. VIII.6 Molecular structures of the dyes employed for the characterization of solvent 
polarity and Kamlet-Taft parameters: 1 – Reichardts Dye 30, 2 – N,N-diethyl-4-nitroaniline, 3 – 
4-nitroaniline.  
VIII.4.2.8. Calculation of Solvent Polarity and Kamlet-Taft 
Parameters 
The empirical solvent parameter ET(30) is defined as the molar transition energy of 
Reichardt’s betaine dye (1).51,58 Its determination is based on the solvatochromic shift of 
the π-π* absorption band of dissolved dye 1. According to Equation (VIII.3), the ET(30) 
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value can be derived by measuring the wavelength λmax, or respectively the wave 
number, maxν? , of the long-wave absorption maximum of dye 1.58 
    (30) / ( ) 28591/ ( / )T A maxE hc N λ⋅ = ν =max,1 ,1?-1kcal mol nm  (VIII.3)
Alternatively, the dimensionless ETN scale can be used, which varies between 1 and 0 
with water as most polar (ETN = 1.00) and tetramethylsilane (TMS) as least polar (ETN = 
0.00) reference solvents.58 ETN values can be calculated by Equation (VIII.4). 
    [ ]( ) 30.7 / 32.4NT TE E solvent= −  (VIII.4)
In a similar manner, the Kamlet-Taft parameters π*, α, and β are obtained by measuring 
the wave numbers corresponding to the absorption maxima of the solvatochromic dyes 
N,N-diethyl-4-nitroaniline (2) and 4-nitroaniline (3) (molecular structures outlined in 
Chart 2).62,63 The dipolarity / polarizability ratio, π*, of the solvent can be gained from 
maxν?  of dye 2 using Equation (VIII.5).62,63 
    
3 1 3 1( /10 cm ) (27.52 /10 cm )
3.182
* max,νπ
− − − −−= −
? 2
 
(VIII.5)
The definitions for the hydrogen-bond donor (HBD) ability or acidity, α, and those for 
the hydrogen-bond acceptor (HBA) ability or basicity, β, are given by Equations 
(VIII.6) and (VIII.7).54,62,63,65 
    ( (30) 14.6 ( 0.23) 30.31)
16.5
*
TE πα − ⋅ − −=  (VIII.6)
    
3 1 3 1((1.035 /10 cm ) ( /10 cm ) 2.64)
2.8
max, max,3ν νβ
− − − −⋅ − += ? ?2  (VIII.7)
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Chapter IX Summary 
Choline soaps (ChCm) with alkyl chain lengths ranging from m= 12-18 have been 
synthesized, purified and characterized in various aspects. In contrast to their alkali 
homologues – the classical soaps – choline fatty acid surfactants are highly soluble in 
water, which allows for an application of the desirable long-chain derivatives up to a 
hydrocarbon chain length of m= 16 under ambient conditions. In addition, these 
surfactants can be prepared from natural components by a straightforward synthesis 
without the requirement of heat, thus minimizing energy costs in a potential large-scale 
industrial production. Biodegradability and cytotoxicity studies on two human cell lines 
demonstrated that choline soaps can be considered as readily biodegradable according 
to the European norm, and are virtually harmless at least for the investigated cell lines. 
Indeed, further sets of analyses such as on ecotoxicity, mutagenicity or acute toxicity 
(oral, dermal, inhalation) are needed for a complete and reasonable assessment of 
environmental and human risks. Nonetheless, the results of the present work already 
strongly suggest high biocompatibility for choline carboxylate surfactants. In 
combination with the demonstrated superior water solubility and economic advantages, 
these properties allow for the conclusion that choline soaps are promising green 
alternatives to classical soaps. 
Moreover, the aqueous phase diagrams of ChCm surfactants have been established, 
disclosing a rich and complex self-assembly behavior in water. For instance, a broad 
range of discontinuous cubic phases could be detected, which has so far not been 
reported for mono-anionic surfactants and is rather typical for divalent, zwitter-ionic, or 
cationic amphiphiles. Such mesophases could for example serve as templates for the 
design of mesoporous materials. The obtained phase diagrams further highlight the very 
low Krafft boundary of choline soaps up to very high concentrations (0°C for 93 wt% 
ChC12!). The reason for this beneficial feature can likely be ascribed to two 
contributing factors. On the one hand, the bulkiness of the choline ion hinders 
effectively a regular crystalline packing of the surfactant molecules. On the other hand, 
choline alkyl carboxylates can be considered as salts with a high degree of dissociation, 
which promotes their dissolution. With respect to packing constraints, these aspects also 
explain why ChCm surfactants prefer mesophases of high curvatures (i.e. cubic phases): 
the bulky and highly dissociated choline counterion causes a large headgroup area. 
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Investigations on the thermotropic phase behavior of neat choline soaps showed that the 
mentioned two factors induce in a similar manner low melting points. Accordingly, it 
has been demonstrated that ChCm surfactants with m= 12-18 pass through three 
different phases when the temperature is increased from -20°C to 100°C. The lower-
temperature phases were identified to be of crystalline or semi-crystalline nature, 
respectively, while the upper-temperature phase (occurring between 68°C and 93°C) 
could be assigned to a lamellar liquid-crystalline structure. In this regard, choline soaps 
meet the conventional definition of ionic liquids (salts with mp. < 100°C). 
The hypothesis of a very loose binding of choline to alkyl carboxylate anions was 
corroborated by exploring the influence of chloride salts and hydroxides on the Krafft 
temperature of ChC18. The traced increase in the Krafft point of ChC18 provoked by 
addition of sodium or potassium chloride supports the proposed low counterion 
association of choline in fatty acid soaps, and is moreover in agreement with trends 
discerned in previous studies on specific ion effects and Collins’ concept of “matching 
water affinities”. The consequential high sensitivity of ChCm soaps to the presence of 
simple salts must be regarded as a drawback of this new type of surfactants in view of 
their applicability in the formulation of distinct products. In turn, an advantage of this 
high degree of counterion dissociation was recognized when choline base was added in 
excess to ChC18 solutions. As opposed to the behavior of the alkali homologues, excess 
choline base leads to a further decrease of the Krafft temperature, such that ChC18 
could be dissolved at temperatures as low as 14°C. To illustrate the potential of this 
feature for applications in the field of grease removal agents, butter was successively 
solubilized in choline hydroxide solutions at room temperature. 
The inherent sensitivity of choline soaps to foreign salts and their relative alkaline pH – 
caused by the weak acidity of fatty acid anions – were sought to be overcome by using a 
sulfate headgroup, which is more acidic and, in terms of specific ion effects, “softer” 
than carboxylates. Therefore, choline dodecyl sulfate (ChDS) was synthesized and 
investigated concerning its physicochemical properties and its cytotoxicity. As in the 
case of choline soaps, the substitution of alkali cations as counterions in alkyl sulfate 
surfactants by choline resulted in enhanced water solubility (TKr (ChDS) ≈ 0°C). 
Analyses of the aqueous self-assembly behavior of ChDS and the influence of different 
chloride salts on its Krafft temperature confirmed that the extent of counterion-
headgroup association is higher in choline alkyl sulfates as compared to choline fatty 
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acid soaps and, also, that they are more resistant to salts. Although studies in the field of 
choline alkyl sulfates have only started yet, it can be anticipated, in light of the low 
Krafft point found for ChDS, that also the longer-chain derivatives will be more water-
soluble than their alkali counterparts. Beyond that, cytotoxicity assays provided 
evidence that ChDS is toxicologically similarly harmless as the widely applied sodium 
dodecyl sulfate. Thus, the introduced choline alkyl sulfates represent a new promising 
family of anionic surfactants – biocompatible and exhibiting beneficial properties such 
as high water solubility and reduced salt sensitivity. 
On the basis of the knowledge achieved about the effects of the molecular structure and 
specific ion-ion interactions on the macroscopic physicochemical properties of the 
investigated compounds, various room-temperature ionic liquids could finally be 
developed. Neat choline soaps were shown to already melt at moderate temperatures. A 
further reduction of the melting points was realized by substituting methylene groups in 
the alkyl chain for ethylene oxide units. Due to their considerably increased chain 
flexibility, the resulting oligoether carboxylates were found to form ionic liquids with a 
variety of cations, including small alkali ions as well as bulky tetraalkylammonium ions 
and choline. Most of these salts showed glass transitions at around -60°C. Moreover, 
physical properties such as the viscosity, conductivity or solvent polarity could be tuned 
over a large range by the appropriate choice of the cation. In line with the specific ion 
effects identified for alkyl carboxylate surfactants, the use of large quaternary 
ammonium ions led to oligoether carboxylate salts with a high degree of ion 
dissociation, causing low viscosities and high conductivities. In turn, the corresponding 
alkali salts are characterized by strong cation-anion interactions and thus were, by 
orders of magnitude, more viscous and less conductive. 
After all, it is evident that the application of choline as a counterion of biological origin 
gives access to a wide range of novel “green” substances – surfactants as well as ionic 
liquids. The observed phenomena rely on the hindrance of a regular packing of 
molecules in a crystalline lattice and the action of specific ion effects. The combination 
of these two factors is apparently a powerful concept to design surfactants, or salts in 
general, with tunable features such as water solubilities or melting points. Current 
studies are focused on the characterization of intermediate-chain choline carboxylates, 
which proved to be true ionic liquids with surfactant properties. Likewise, investigations 
on the longer-chain derivatives of choline alkyl sulfates are underway. Finally, further 
projects are devoted to examining in detail the self-assembly behavior of choline 
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dodecyl sulfate, as well as to a “quantitative” evaluation of the counterion-headgroup 
binding strengths by means of dielectric relaxation and infrared-visible sum-frequency 
spectroscopy. 
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Appendix A: Biodegradability and Cytotoxicity 
on Human Cell Lines of Choline Soaps 
A.1 HeLa Dose-Response Curves of ChCm 
Surfactants for m= 8-16 
Each plot contains three to six dose-response curves, established over several weeks. 
Every data point represents the mean of three parallels. 
ChC8 ChC9 
ChC10 ChC11 
ChC12 ChC13 
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ChC14 ChC15 
ChC16  
A.2 SK-Mel-28 Dose-Response Curves of ChCm 
Surfactants for m= 8-16 
Each plot contains three to six dose-response curves, established over several weeks. 
Each data point represents the mean of three parallels.  
 
ChC8 ChC9 
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ChC12 ChC13 
ChC14 ChC15 
ChC16 
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A.3 Phase Contrast and Fluorescence Images of HeLa 
Cells Treated with Pyrene-Substituted Choline 
and Sodium Soaps over Time 
HeLa cells were incubated with 2:1 molar mixtures of ChC12/ ChPC12 and 
NaC12/ NaPC12, respectively, at concentrations right below the according IC50 values 
(c (ChC12/ ChPC12)= 81 µmol L-1, c (NaC12/ NaPC12)= 102 µmol L-1). Pictures were 
recorded every 10 min after addition of surfactants over 60 min (scale bars: 20 µm). 
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Appendix B: Aqueous Phase Behavior of Choline 
Carboxylate Surfactants 
B.1 Density and Determination of the Molar Volume 
of ChCm Surfactants  
Densities of aqueous choline carboxylate solutions were determined at 25°C by a 
vibrating tube densimeter (Anton Paar DMA 60). The experimental derived values are 
listed in Table B.1. 
Table B.1 Density data of ChCm surfactants at 25°C. 
ChC12 ChC14 ChC16 ChC18 
wt% ρ / g L-1 wt% ρ / g L-1 wt% ρ / g L-1 wt% ρ / g L-1 
1.00 997.09 1.00 996.78 1.00 996.65 1.00 996.62 
2.49 996.79 2.49 996.32 2.50 996.00 2.49 995.82 
5.00 996.33 4.99 995.44 4.99 995.05 5.00 994.43 
7.48 995.89 7.46 994.71 7.50 993.82 7.48 993.13 
9.98 995.40 10.00 993.91 10.00 992.95 9.55 992.11 
12.50 994.97 12.46 993.14 12.47 991.77 12.49 990.62 
14.95 994.45 15.00 992.32 15.00 990.68 14.98 989.47 
17.44 994.04 17.46 991.54 17.51 989.78 17.48 988.07 
20.00 993.56 20.00 990.87   20.01 986.83 
Using the known molar masses of surfactants and water, the total volume (Vtotal) of 
solution with regard to 1 mol H2O can be calculated. With ns and VS as number of moles 
and molar volume of surfactant, Vtotal is defined as: 
    Vtotal  =  nH2O VH2O  +  nS VS  (B.1)
Consequently, VS can be derived by the plot of Vtotal versus ns (Fig. B.1). As obvious 
from Fig. B.1, VS is constant over the investigated concentration region and can thus be 
obtained by the slope of a linear regression. Thereby, the y-axis interception represents 
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the molar volume of water, since Vtotal was calculated for nH2O= 1 mol. The results of the 
linear regression are listed in Table B.2. VH2O agrees well with literature. Further, VS 
increases in average by a factor of 0.0165 L mol-1 (= 27.4 Å3) per additional CH2 group, 
which coincides approximately with the value predicted by Tanford (26.9 Å3).1 
 
Fig. B.1 Plot of the total volume Vtotal at 25°C versus the number of moles of ChCm surfactants 
according to Equation (B.1). 
Table B.2 Results of linear regressions according to Fig. B.1,  
yielding the molar volumes of choline surfactants and water at 25°C. 
 VS / L mol-1 VH2O / L mol-1 
ChC12 0.310 0.0181 
ChC14 0.343 0.0181 
ChC16 0.376 0.0181 
ChC18 0.409 0.0181 
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B.2 Penetration Scan Images of ChCm Surfactants at 
Various Temperatures  
B.2.1 ChC14 
 
Fig. B.2 Penetration scan image of ChC14 at 25°C and 100x magnification, showing – towards 
higher soap concentrations as assigned by the arrow) – the following mesophases: L1, I1’, I1’’, 
H1, and V1. 
 
Fig. B.3 Penetration scan image of ChC14 in the more concentrated surfactant region at 50°C 
and 100x magnification without (A) and with (B) applied crossed polarizers. From the right to 
the left (increasing surfactant concentration), an H1, V1, and Lα phase and a solid birefringent 
region can be identified. 
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B.2.2 ChC16 
 
Fig. B.4 Penetration scan of ChC16 at 25°C and 100x magnification without (A) and with (B) 
crossed polarizers, showing the following phases from the top to the bottom: L1, I1’, I1’’ and H1. 
B.2.3 ChC18 
 
Fig. B.5 Penetration scan photograph of ChC18 at 40°C and 100x magnification. With 
increasing soap concentration (as indicated by the arrow) the following mesophases can be 
recognized: L1, I1’, I1’’ and H1. 
 
Fig. B.6 Penetration scan of ChC18 in the more concentrated surfactant region at 59°C and 
100x magnification (with (A) and without (B) crossed polarizers), showing from the top to the 
bottom the following mesophases: H1, V1, Lα and Lβ. 
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B.3 SAXS Experimental 
SAXS measurements were performed on three different devices of various labs due to 
limited facilities and different demands such as varying required scattering angles, 
temperature controlling or the recording of two dimensional X-ray patterns. An 
assignment of the investigated samples to the respective experimental setups is given in 
Tables B.3 and B.4. 
A) SAXS setup at the laboratories of LIONS/CEA, Saclay (France): 
X-ray radiation with wavelength λ= 1.54 Å was provided by a copper rotating anode 
operated at 3 kW equipped with a multilayer Xenocs mirror as monochromator and a 
three-slit collimation system. The scattered X-rays were detected by a two-dimensional 
automatic image plate system (Mar300) from Mar Research. Calibrations were done by 
measuring standards such as octadecanol, iron, water and Lupolen. At a sample-to-
detector distance of 122 cm, the accessible q-range was 0.3-6.3 nm-1. More details 
regarding the experimental setup can be found in the literature.2,3 Samples were 
enclosed between Kapton sheets with sample thicknesses of 1 mm and 1.5 mm. 
Acquisition times varied between 900-7200 s. Radial averaging was performed with the 
ImageJ Software. With this setup, ChC12 and ChC16 were fully characterized and 
ChC18 to a large extent. 
B) SAXS instrument at the Institute for Advanced Chemistry of Catalonia, 
Barcelona (Spain): 
Small-angle X-ray scattering data were recorded using a S3 MICRO instrument (Hecus 
X-ray Systems, Graz, Austria) equipped with a sealed copper anode providing Cu-Kα 
radiation with λ= 1.54 Å. The beam was focused using a Genix microfocus X-ray 
source and a Fox 2D point-focusing element (both from Xenocs, Grenoble), reducing 
the beam area to approximately 0.04 mm2. The detection system was composed of two 
linear position sensitive detector (PSD-50M, Hecus, Graz, Austria), which allows the 
simultaneous determination of small and wide angles, covering q-values between 
approximately 0.2 and 5.9 nm-1, and between 13 and 19 nm-1, respectively. Exact 
d spacing values were achieved by calibration with silver behenate for small angles and 
p-bromobenzoic acid for large angles.4-6 Samples were measured in a paste cell of 
approximately 1 mm thickness sealed with plastic foil (Kallebrat Folie, Kalle GmbH, 
Germany). Investigated temperatures ranged from 0°C until 90°C with acquisition times 
of 900-1800 s. Primarily ChC14 was characterized with this setup. 
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C) SAXS apparatus at the Max-Planck Institute Potsdam (Germany): 
This homebuilt instrument consists of a rotating anode (Fr591, Bruker-Nonius, 
Netherlands) with point collimation and a two-dimensional Mar CCD Detector 
(Mar 165), having a resolution of 2048 x 2048 pixels with a pixel size of 79 µm. 
Calibration was performed by measuring silverbehenate.4,6 With a sample to detector 
distance of 74.1 cm, a q-range of 0.6-4.6 nm-1 was attained. Primary data were 
processed with the ImageJ Software. 
Table B.3 Assignment of ChC12 and ChC14 samples, which were investigated by SAXS,  
to the respective X-ray setup used for measurement. 
ChC12 ChC14 
wt% T /°C SAXS setup wt% T /°C SAXS setup 
30.0 25 A 29.0 25 C 
32.9 25 A 34.9 25 C 
35.1 25 A 37.4 25 C 
37.9 25 A 40.9 25 C 
40.1 25 A 45.0 25 B 
45.0 25 A 50.6 25 B 
47.2 25 A 56.0 25 B 
49.7 25 A 61.0 25 B 
55.1 25 A 65.0 25 B 
60.2 25 A 70.2 25 B 
65.5 25 A 75.4 25 B 
69.9 25 A 79.8 25 B 
74.7 25 A 79.8 60 B 
79.9 25 A 83.3 25 B 
83.8 25 A 85.5 20 B 
86.9 25 A 90.4 25 B 
89.5 25 A 93.2 35 B 
91.5 25 A 95.1 45 B 
94.0 25 A 95.1 80 B 
97.5 60 A 97.5 80 B 
Appendix B: Aqueous Phase Behavior of Choline Carboxylate Surfactants 
185 
 
Table B.4 Assignment of ChC16 and ChC18 samples to the X-ray setup  
used for their investigation. 
ChC16 ChC18 
wt% T /°C SAXS setup wt% T /°C SAXS setup 
30.1 25 A 34.7 60 A 
34.8 25 A 45.2 60 A 
40.1 25 A 50.3 60 A 
45.2 25 A 60.0 50 C 
49.7 25 A 69.9 50 C 
54.7 25 A 75.7 70 C 
59.6 25 A 79.8 70 C 
64.4 25 A 85.7 70 C 
69.7 25 A 90.2 70 C 
75.3 50 A 96.0 70 C 
79.3 50 A    
85.5 50 A    
89.3 50 A    
92.0 60 A    
94.0 50 A    
95.3 60 A    
97.5 70 C    
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B.4 SAXS spectra 
In the following, the SAXS spectra obtained for each compound are presented. Unless 
indicted otherwise, the temperature is 25°C. The spectra are ordered roughly with 
respect to corresponding mesophases. Details and an exact assignment of the occurring 
phases to distinct liquid-crystalline structures are given in Section B5. 
B.4.1 ChC12 
A) Discontinuous cubic I1‘ and I1‘‘ (Pm3n) 
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B) Hexagonal phase H1 
 
C) H1 – V1 boundary – intermediate phase? 
 
D) Bicontinuous phase V1 with Ia3d structure 
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For Lα of ChC12, no X-ray data are available at the moment owing to the particular 
narrowness of the phase region in this case and since, in addition, it only occurs at 
elevated temperatures. 
 
B.4.2 ChC14 
A) Discontinuous cubic I1‘ and I1‘‘ (Pm3n) 
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B) Hexagonal phase H1 
 
 
C) Bicontinuous phase V1 with Ia3d structure 
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D) Lamellar phase Lα 
 
 
B.4.3 ChC16 
A) Discontinuous cubic I1‘ and I1‘‘ (Pm3n) 
 
 
 
 
Appendix B: Aqueous Phase Behavior of Choline Carboxylate Surfactants 
191 
B) Hexagonal phase H1 
 
C) H1 – V1 boundary – intermediate phase? 
 
D) Bicontinuous phase V1 with Ia3d structure 
 
Appendix B: Aqueous Phase Behavior of Choline Carboxylate Surfactants 
192 
E) Lamellar phase Lα 
 
 
B.4.4 ChC18 
A) Hexagonal phase H1 
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B) Bicontinuous phase V1 with Ia3d structure 
 
 
 
C) Lamellar phase Lα 
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B.5 X-ray Data and Phase Assignment 
B.5.1 Attempt of Assigning I1’ to P63/mmc 
Clerc reported in 1996 on a new symmetry for a discontinuous cubic phase, occurring in 
the non-ionic system C12EO8.7 This phase was located between the micellar solution and 
an I1 phase of Pm3n structure. It consists of two micelles per unit cell arranged in a 
hexagonal compact structure of space group P63/mmc and is nonetheless of isotropic 
nature. The ratio R= c/a of the hexagonal unit cell indicated that the micelles are of 
quasi-spherical shape. Afterwards, in 2007, Zeng et al. confirmed that this isotropic 
phase is composed of hexagonal close packed (hcp), perfectly spherical micelles.8  
Assuming that the P63/mmc structure reflects the basic lattice of I1’, the unit cell 
parameter a is given by:7 
    
( )43= +2 2 2 2a d h +k +hk l R  (B.2)
By trying different values for 35.1 wt% ChC12, for instance, the lowest statistical error 
was found for R= 1.635, which is very close to those of a hexagonal close compact 
packing of spheres (R= 1.633). The volume of the hexagonal unit cell is defined as:7 
    
3
2
= 3UnitcellV Ra  (B.3)
As the volume fraction of surfactant ΦS and the volume of one surfactant molecule VS 
are known, the micelle aggregation Nagg with respect to two micelles per unit cell can be 
calculated according to: 
     ( )S 2= ⋅agg Unitcell SN V VΦ  (B.4)
Based thereon, values of a= 51.3 ± 0.8 Å and to VUnit cell= 191 381 Å3 were derived for 
35.1 wt% ChC12 resulting in an aggregation number of Nagg = 66.0. 
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B.5.2 X-ray Data of I1’’ 
Table B.5 lists the X-ray diffraction data obtained on I1’’ for choline soaps of different 
m values. Unfortunately data on I1’’ of ChC18 are missing at the moment due to limited 
measurement time. 
Table B.5 X-ray diffraction data of ChCm salts up to m= 16 at 25°C with Pm3n structure. The 
table comprises the volume fraction of surfactant ΦS, the experimental d values (in Å) with the 
corresponding Miller indices, the resulting unit cell parameter a (in Å)and the aggregation 
numbers Nagg, which have to be considered as rough approximations. 37.9 wt% ChC12 and 
34.9 wt% ChC14 are biphasic samples of I1’ and I1’’, while 47.2 wt% ChC12 is located in the 
two phase region of I1’’ and H1. 
 I1’’ – Pm3n 
 ChC12 ChC12 ChC12 ChC12 ChC14 ChC14 ChC14 ChC16 
wt% 37.9 40.1 45.0 47.2 34.9 37.4 40.9 34.8 
ΦS 0.383 0.405 0.455 0.477 0.356 0.381 0.416 0.358 
d110  - - 62.8 62.2 - 73.9 74.8 - 
d200  45.5 45.2 44.6 44.2 53.2 52.8 52.4 62.2 
d210 40.5 40.0 39.8 39.5 47.6 46.9 46.9 55.6 
d211 37.2 36.7 36.1 36.6 42.5 43.0 43.6 51.1 
d220 32.2 31.7 31.6 31.3 37.0 37.2 38.1 44.6 
d310 - 28.6 28.2 28.0 - 34.0 34.1 39.3 
d222 26.4 26.0 25.5 25.5 31.0 30.8 31.0 35.7 
d320 25.5 24.9 24.6 24.5 - 29.8 29.8 34.9 
d321 24.5 24.0 23.7 23.6 28.2 28.6 28.7 33.4 
d400 - 22.4 22.2 - 26.5 26.7 - 31.4 
d410 - 21.8 21.5 - 25.9 25.9 26.0 30.2 
d330+411 - 21.0 20.9 20.8 - - - - 
a 91.3 ± 0.5 
89.9 ± 
0.3 
88.8 ± 
0.2 
88.4 ± 
0.4 
105.8 ± 
1.1 
106.1 ± 
1.0 
106.7 ± 
1.2 
124.9 ± 
0.8 
Nagg 70.9 71.4 77.4 79.8 92.7 100.1 111.1 139.4 
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B.5.3 X-ray Data of H1 
Table B.6 lists the X-ray diffraction data of H1 obtained for the different alkyl chain 
lengths of choline soaps. Towards higher surfactant concentrations, some reflections are 
systematically suppressed. For instance, the intensity of the 110 reflection tends to zero, 
while that of the 200 reflection passes through a minimum, in analogy to what has been 
reported by Luzzati and coworkers for alkali soaps.9 
Table B.6 X-ray diffraction data for the hexagonal phase H1 of ChCm soaps with m= 12-18, 
including the volume fraction of surfactant ΦS, the temperature T (in °C), the experimental d 
values (in Å) with corresponding Miller indices, and the resulting unit cell parameters a ((in Å). 
83.8 wt% ChC12 is possibly a biphasic sample, as shown in the following section. 
 Hexagonal – H1 
 wt% ΦS T d100 d110 d200 d210 d300 d220 a 
ChC12 
49.7 0.502 25 36.7 21.3 18.5 14.0 - - 42.6 ± 0.1 
55.1 0.556 25 36.1 21.1 18.1 13.8 - - 41.9 ± 0.2 
60.2 0.606 25 35.1 20.3 - 13.3 - 10.1 40.6 ± 0.1 
65.5 0.659 25 34.3 19.9 - 13.0 - - 39.8 ± 0.1 
69.9 0.703 25 33.8 19.5 17.0 12.8 - - 39.1 ± 0.1 
74.7 0.750 25 33.1 19.2 16.6 - - - 38.3 ± 0.1 
79.9 0.802 25 32.6 - 16.3 - 10.9 - 37.7 ± 0.1 
83.8 0.840 25 32.2 - 16.2 - 10.8 - 37.3 ± 0.1 
ChC14 
45.0 0.457 25 43.3 25.1 21.7 16.3 - - 50.1 ± 0.2 
50.6 0.513 25 41.9 24.2 21.1 15.9 - - 48.5 ± 0.2 
56.0 0.567 25 40.3 23.4 20.3 15.3 - - 46.7 ± 0.1 
61.0 0.618 25 39.0 22.8 - 14.9 - - 45.3 ± 0.2 
70.2 0.708 25 37.2 21.4 18.6 - 12.4 - 43.0 ± 0.1 
75.4 0.759 25 36.7 21.2 18.5 - 12.3 - 42.6 ± 0.2 
79.8 0.803 25 35.9 - 18.0 - 12.0 - 41.6 ± 0.1 
ChC16 
40.1 0.411 25 51.5 29.8 25.8 19.5 - - 59.5 ± 0.1 
45.2 0.463 25 49.5 28.4 24.8 18.7 16.6 - 57.2 ± 0.2 
49.7 0.510 25 47.6 27.3 23.8 17.9 - 13.2 54.8 ± 0.2 
54.7 0.557 25 45.9 26.5 - 17.5 - 13.3 53.1 ± 0.2 
59.6 0.606 25 44.6 25.8 22.4 16.9 - 12.9 51.6 ± 0.2 
64.4 0.654 25 43.6 25.1 21.8 16.5 - 12.7 50.4 ± 0.2 
69.7 0.706 25 42.7 24.7 21.6 - 14.3 12.4 49.5 ± 0.2 
ChC18 
34.7 0.359 60 58.7 33.8 29.2 - - - 67.6 ± 0.2 
45.2 0.465 60 53.2 30.6 26.7 20.1 - - 61.5 ± 0.2 
50.3 0.516 60 50.3 29.0 - 19.0 - - 58.0 ± 0.1 
60.0 0.612 50 46.9 27.2 23.4 17.7 - - 54.2 ± 0.1 
69.9 0.710 50 45.5 - 22.9 - - - 52.8 ± 0.3 
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B.5.4 H1 - V1 Boundary: Intermediate Phase? 
As mentioned in Chapter IV, additional reflections occur close to the phase boundary of 
H1/V1. Indeed, these have not been observed for ChC14. However, this can most 
probably be attributed to the lower resolution of the experimental setup used for the 
measurement of corresponding samples.  
Table B.7 shows the attempt of assigning the additional reflections to an intermediate 
phase of complex hexagonal structure (ribbon phase with cmm symmetry). Compared to 
the other liquid crystalline phases, the peak positions are much less sensitive to 
concentration variations, but are still shifted to lower scattering angles when elongating 
the alkyl chain. 
Table B.7 X-ray diffraction data of choline soaps near the phase boundary H1 / V1. Each sample 
represents a biphasic system of possibly an intermediate phase with complex hexagonal 
structure and H1 (83.8 wt% ChC12 and 74.8 wt% ChC16) or V1 (all other samples), 
respectively. The table includes the volume fraction of surfactant ΦS, the temperature T (in °C) 
the experimental d values (in Å) with the Miller indices for a 2-D hexagonal lattice, and the unit 
cell parameter a (in Å). 
 H1 / V1 – complex hexagonal 
 wt% ΦS T d100 d110 d200 d210 a 
ChC12 
83.8 0.840 25 39.5 22.8 19.8 15.0 45.7 ± 0.1 
86.9 0.871 25 39.3 22.8 19.7 14.9 45.5 ± 0.2 
89.5 0.897 25 38.8 22.6 - - 45.0 ± 0.3 
ChC16 
74.8 0.756 60 47.6 27.6 23.9 18.1 55.1 ± 0.1 
79.3 0.800 50 47.2 27.2 23.6 17.8 54.5 ± 0.1 
ChC18 79.8 0.806 70 51.1 29.6 25.8 - 59.2 ± 0.2 
Alternatively, the additional peaks can be fitted by a cubic lattice, namely I4132, which 
exhibits Bragg spacing ratios of √2 : √6 : √8 : √10 : √12 (see Table B.8). The statistical 
error of the I4132 unit cell is only slightly larger as for a 2-D hexagonal lattice, but the 
310 and 222 reflections are missing in all instances. 
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Table B.8 X-ray diffraction data of choline soaps near the phase boundary H1 / V1. Each sample 
represents a biphasic system of possibly a cubic I4132 structure and H1 (83.8 wt% ChC12 and 
74.8 wt% ChC16) or V1 (remaining samples), respectively. The table includes the volume 
fraction of surfactant ΦS, the temperature T (in °C), the experimental d values (in Å) with the 
corresponding Miller indices for I4132, and the unit cell parameter a (in Å). 
 H1 / V1 – I4132 
 wt% ΦS T d110 d211 d220 d310 d222 d321 a 
ChC12 
83.8 0.840 25 39.5 22.8 19.8 - - 15.0 56.0 ± 0.1 
86.9 0.871 25 39.3 22.8 19.7 - - 14.9 55.8 ± 0.2 
89.5 0.897 25 38.8 22.6 - - - - 55.1 ± 0.4 
ChC16 
74.8 0.756 60 47.6 27.6 23.9 - - 18.1 67.5 ± 0.1 
79.3 0.800 50 47.2 27.2 23.6 - - 17.8 66.7 ± 0.1 
ChC18 79.8 0.806 70 51.1 29.6 25.8 - - - 72.6 ± 0.3 
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B.5.5 Bicontinuous Cubic Phase V1 
Table B.9 X-ray diffraction data for V1 of ChCm soaps with Ia3d structure, comprising the 
volume fraction of surfactant ΦS, the temperature T (in °C), the experimental d values (in Å) 
with the assignment to the corresponding Miller indices and the unit cell parameter a (in Å). 
Samples of ChC12 up to 89.5 wt%, 79.3 wt% ChC16 and 75.7 wt% ChC18 are potentially 
biphasic as discussed in the previous section. 
 V1 – Ia3d 
 wt% ΦS T d211 d220 d321 d400 d420 d332 a 
ChC12 
86.9 0.871 25 31.1 27.0 - - - - 76.2 ± 0.1 
89.5 0.897 25 30.8 26.7 20.3 - - - 75.6 ± 0.2 
91.5 0.916 25 30.4 26.4 20.0 18.7 16.7 15.9 74.6 ± 0.2 
94.0 0.941 25 30.2 26.1 19.9 18.5 16.5 15.8 74.0 ± 0.2 
97.5 0.975 60 29.0 25.0 19.0 17.9 15.9 15.1 71.1 ± 0.2 
ChC14 
79.8 0.803 60 34.0 29.4 - - - - 83.1 ± 0.1 
83.3 0.837 25 35.1 30.7 - - - - 86.3 ± 0.5 
85.5 0.859 20 34.5 30.1 - - - - 84.8 ± 0.3 
90.4 0.906 25 33.6 29.2 22.1 20.6 18.5 17.6 82.6 ± 0.3 
93.2 0.934 35 32.9 28.7 21.6 20.2 18.0 17.2 80.7 ± 0.3 
95.1 0.952 45 32.4 28.3 21.3 19.9 17.7 17.1 79.7 ± 0.4 
ChC16 
79.3 0.800 50 39.0 33.9 25.8 - 21.4 20.3 95.8 ± 0.4 
85.5 0.860 50 38.1 33.1 25.0 23.4 20.9 19.9 93.4 ± 0.2 
89.3 0.897 50 37.6 32.6 24.6 23.0 20.5 19.6 92.1 ± 0.1 
ChC18 
75.7 0.766 70 42.2 36.7 27.6 25.8 23.1 22.0 103.3 ± 0.3 
79.8 0.806 70 41.1 35.9 27.2 25.4 22.7 21.6 101.4 ± 0.4 
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Fig. B.7 shows that the decrease of the unit cell towards higher soap concentrations.  
 
Fig. B.7 V1 phase of ChCm salts: plot of the unit cell parameter a of the Ia3d structure versus 
the volume fraction of surfactant ΦS, showing the different alkyl chain lengths in comparison 
(ChC12 (?), ChC14 (?), ChC16 (?) and ChC18 (?)). Data correspond to the temperatures 
given in Table B.9. 
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Appendix C: Thermotropic Phase Behavior of 
Choline Soaps 
C.1 Thermogravimetric analyses 
 
Fig. C.1 TGA curves of ChCm surfactants for m= 12-18. 
All investigated choline soaps show a one-step degradation process. The initial decay of 
ChC12 and ChC14 most probably originates from evaporation of water. 
C.2 DSC diagrams 
(A) 
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(B) 
 
(C) 
 
(D) 
 
Fig. C.2 Three DSC cycles of ChCm surfactants between -20°C and 95°C: m= 12 (A), m= 14 
(B), m= 16 (C) and m= 18 (D). 
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C.3 Transition Temperatures 
In the following, the indices “1” and “2” signify low- and high-temperature transitions, 
respectively. 
Table C.1 Transition temperatures on heating and cooling of ChCm surfactants for m= 12-18, 
as determined by DSC for three cycles between -20°C and 95°C.  
 ChC12 ChC14 ChC16 ChC18 
 T1 / °C T2 / °C T1 / °C T2 / °C T1 / °C T2 / °C T1 / °C T2 / °C 
1st heating 35.4 68.6 38.1 78.4 50.0 87.9 52.6 91.6 
1st cooling 17.3 63.9 16.5 72.1 21.4 81.4 27.4 85.4 
2nd heating 34.7 68.4 36.0 77.6 44.4 85.9 47.9 92.6 
2nd cooling 16.7 63.7 16.9 72.0 21.2 81.3 26.9 85.4 
3rd heating 34.6 68.4 35.7 77.4 44.2 85.8 47.6 92.5 
3rd cooling 16.6 63.5 17.2 72.5 21.3 81.0 26.7 85.3 
C.4 Transition Enthalpies 
Table C.2 Transition enthalpies (in kJ mol-1) on heating and cooling of ChCm surfactants  
for m= 12-18, as determined by DSC for three cycles between -20°C and 95°C. 
 ChC12 ChC14 ChC16 ChC18 
 ΔH1 ΔH2 ΔH1 ΔH2 ΔH1 ΔH2 ΔH1 ΔH2 
1st heating 28.3 9.2 23.4 12.9 26.7 14.2 25.5 15.9 
1st cooling -27.7 -9.1 -22.9 -13.0 -17.9 -15.3 -14.4 -19.5 
2nd heating 28.1 9.0 24.2 12.0 21.9 14.7 19.2 16.8 
2nd cooling -27.6 -9.0 -22.5 -12.0 -17.7 -15.2 -14.6 -19.4 
3rd heating 27.2 9.1 24.4 12.2 19.7 15.2 21.2 16.8 
3rd cooling -27.9 -9.0 -22.7 -12.3 -17.9 -15.1 -14.3 -19.5 
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Table C.3 Sum of the transition enthalpies of ChCm surfactants for m= 12-18  
as obtained by DSC for three heating-cooling cycles between -20°C and 95°C.  
 ChC12 ChC14 ChC16 ChC18 
 ∑H /kJ mol-1 ∑H /kJ mol-1 ∑H /kJ mol-1 ∑H /kJ mol-1 
1st heating 37.5 36.3 40.9 41.4 
1st cooling -36.8 -35.9 -33.2 -33.9 
2nd heating 37.1 36.2 36.6 36.0 
2nd cooling -36.6 -34.5 -32.9 -34 
3rd heating 36.3 36.6 34.9 38.0 
3rd cooling -36.9 -35.0 -33.0 -33.8 
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C.5 Optical Polarizing Microscopy 
All pictures were recorded at 100x magnification with a heating and cooling rate of 
10°C min-1. The photographs presented in the following were taken during the first 
cooling cycle. Light intensity and the sample position were kept constant. 
 
C.5.1 ChC14 
80°C - SmA 
 
78°C- SmA ? CrM 74°C – CrM 
25°C – CrM ? Cr 
 
18°C – CrM ? Cr 10°C - Cr 
Fig. C.3 Polarizing microscopy images of ChC14 obtained on the first cooling between 100°C 
and -20°C. Above 78°C a low-viscous liquid-crystalline lamellar phase (SmA) is present. At 
78-75°C, the transition from SmA to a semi-crystalline (CrM) phase takes place, which is 
obvious by a sudden increase of viscosity and change of texture. On further cooling, the 
appearance of the sample changes gradually and breaks in the texture indicate a stepwise 
increment of density. Between 25°C and 10°C, the sample turns finally completely dark, 
indicating a transition from CrM to crystalline (Cr). 
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C.5.2 ChC16 
88°C - SmA 
 
85°C – SmA ? CrM 83°C– CrM 
30°C – CrM ? Cr 
 
20°C – CrM ? Cr 15°C - Cr 
Fig. C.4 Polarizing microscopy images of ChC16 obtained during the first cooling between 
100°C and -20°C. At high temperatures (> 86°C), a liquid-crystalline lamellar phase can be 
identified by its characteristic oily streak texture and low viscosity. At 85-83°C, the sample 
becomes abruptly highly viscous and birefringent, which is due to the transition from SmA to a 
semi-crystalline (CrM) phase. On further cooling, breaks in the texture (as highlighted by the 
arrows) gradually appear, indicating a growing density. The transition from CrM to crystalline 
(Cr) between 20°C and 15°C becomes manifest in an attenuation of birefringence and a sudden 
increment of the breaks in the texture. This texture is maintained down to -20°C. 
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C.5.3 ChC18 
98°C – SmA 
 
95°C - SmA ? CrM 93°C – CrM 
46°C – CrM ? Cr 
 
40°C – CrM ? Cr 20°C - Cr 
Fig. C.5 Polarizing microscopy images of ChC18 obtained during the first cooling between 
100°C and -20°C. At high temperatures (> 96°C), a liquid-crystalline lamellar phase can be 
identified its characteristic oily streak texture and low viscosity. At 95-93°C, the sample gets 
rapidly highly viscous and birefringent, which corresponds to the transition from SmA to semi-
crystalline (CrM) phase. On further cooling, the appearance of the sample changes gradually, 
accompanied with breaks in the texture (as indicated by the arrows). The transition from CrM to 
crystalline (Cr) between 46°C and 35°C gets obvious from an attenuation of birefringence and a 
sudden increment of the breaks in the texture. Once Cr is formed, the appearance of the sample 
does no longer change down to -20°C. 
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C.6 NMR Proton Spin-Spin Relaxation Times T2 
Table C.4 NMR proton spin-spin relaxation constants T2eff of ChCm surfactants (m= 12-18) as a 
function of temperature.  
  ChC12 ChC14 ChC16 ChC18 
 T /°C T2eff /µs T2eff /µs T2eff /µs T2eff /µs 
heating 
10.9 4 3.5 4 3 
20.6 4 - - - 
25.5 - 4 4.5 3 
30.1 5 - - - 
39.3 23 7.5 - 2Φ (?) 5.5 3 
48.6 29 - - - 
53.2 - 27 26.5 17.5 
57.9 28 - - - 
67.4 31.5 28 34 - 2Φ 19 
77.0 115 - - - 
81.8 - 125 52 24 - 2Φ (≈ 5%) 
91.4 165 - - - 
cooling 
67.4 - 29 36.5 - 2Φ 24.5 - 2Φ (< 1%) 
57.9 30.5 - - - 
53.2 - 28 31.5 23.5 
39.3 29.5 26.5 25 21.1 
25.5 21 18.5 - 2Φ (?) 20.5 9 
11.5 4.5 4.5 10 - 2Φ (?)- - 
10.9 - - - 6 
Intensity at 1/e 3.13 2.68 2.57 2.68 
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Fig. C.6 Variation of the decay constant T2 with temperature ((?) heating, (?) cooling) of 
ChCm surfactants for m=12 (A), m=14 (B), m=16 (C) and m=18 (D). The black dashed vertical 
lines mark the transition temperatures on heating as detected by DSC, and the dotted red ones 
those on cooling (both for the first cycle). 
 
C.7 X-ray Scattering Curves of ChCm Soaps as a 
Function of Temperature 
C.7.1 ChC12 
 
Fig. C.7 Small- and wide-angle X-ray scattering curves of neat ChC12 with increasing 
temperature (freshly melted sample). 
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C.7.2 ChC14 
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Fig. C.8 Small- and wide-angle X-ray scattering curves of neat ChC14 at various temperatures 
and heating-cooling cycles: (A) freshly heated, (B) first cooling, (C) re-heated and (D) second 
cooling. 
C.7.3 ChC16 
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Fig. C.9 Small- and wide-angle X-ray scattering curves of neat ChC16 at various temperatures 
and heating-cooling cycles: (A) freshly heated, (B) first cooling, (C) re-heated and (D) second 
cooling. 
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C.7.4 d-Spacing of ChCm Surfactants as a Function of 
Temperature 
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Fig. C.10 Evolution of d-spacing values of neat ChCm surfactants with increasing temperature 
(freshly melted samples): m= 12 (A), m= 14 (B), m= 16 (C) and m= 18 (D). The vertical dashed 
red lines mark the transition temperatures determined by DSC. 
 
C.7.5 d-Spacing of ChCm Surfactants as a Function of m at 
Low Temperatures 
 
Fig. C.11 Comparison of the low-angle d-spacing values (up to q= 5 nm-1) for different alkyl 
chain lengths (m= 12-18) at low temperatures (20°C for m= 12 and 18, 25°C for m= 16, and 
30°C for m= 14). 
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C.7.6 d-Spacing of ChCm Surfactants as a Function of m at 
40°C 
 
Fig. C.12 Comparison of the low-angle d-spacing values (up to q= 5 nm-1) for m= 12-18 at 
40°C. 
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Appendix D: Oligoether Carboxylates – Task-
Specific Room-Temperature Ionic Liquids 
As mentioned in Chapter VIII, the temperatures at which densities and viscosities were 
determined differed slightly from those of conductivity measurements. Thus, data were 
interpolated in order to gain density and viscosity values at exactly the same 
temperatures. The resulting interpolated ρ and η values are compiled in Table D.1 
together with the molar volumes Vm and solvent polarity parameters (ET(30), π*, α, β). 
Table D.1 Physicochemical parameters of TAA- and Ch-TOTO salts at various temperatures 
(with ρ and η as interpolated values). T: temperature in K, ρ: density in kg m-3, Vm: molar 
volume in cm3 mol-1, κ: specific conductivity in S m-1 Λm: equivalent conductivity in S m2 mol-1, 
η: viscosity in mPa s, ET(30) (in kcal mol-1), π*, α, β: polarity parameters. 
Ch-TOTO 
T ρ Vm κ 104·Λm η ET(30) π* α β 
283.15 1142.3 285 0.00312 0.00888 2180 - - - - 
293.15 1135.5 287 0.00736 0.0211 1045 48.49 1.022 0.401 0.980 
298.15 1131.7 288 0.01076 0.0309 665 48.41 1.015 0.403 0.981 
303.15 1128.1 288 0.01525 0.0440 506 48.32 1.007 0.404 0.982 
313.15 1122.1 290 0.0283 0.0821 230 48.14 0.991 0.407 0.985 
323.15 1117.8 291 0.0482 0.1403 122 47.96 0.975 0.411 0.988 
333.15 1114.5 292 0.0765 0.223 74 47.79 0.959 0.414 0.991 
TEA-TOTO 
T ρ Vm κ 104·Λm η ET(30) π* α β 
283.15 1081.2 325 0.01788 0.0581 830 - - - - 
293.15 1074.6 327 0.0374 0.1224 375 45.97 1.097 0.182 1.224 
298.15 1071.2 328 0.0517 0.1695 264 45.92 1.090 0.185 1.227 
303.15 1068.0 329 0.0695 0.229 186 45.88 1.083 0.189 1.230 
313.15 1062.0 331 0.1173 0.388 103 45.79 1.068 0.196 1.235 
323.15 1057.4 332 0.1837 0.611 62 45.70 1.054 0.204 1.241 
333.15 1054.7 333 0.271 0.902 41 45.61 1.039 0.211 1.247 
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TPA-TOTO 
T ρ Vm κ 104·Λm η ET(30) π* α β 
283.15 1037.3 393 0.00264 0.01039 2668 - - - - 
293.15 1031.4 395 0.00653 0.0258 1100 44.83 1.062 0.144 1.295 
298.15 1028.0 396 0.00976 0.0387 720 44.79 1.056 0.147 1.296 
303.15 1024.7 398 0.01414 0.0563 489 44.74 1.050 0.149 1.296 
313.15 1018.9 400 0.0273 0.1094 235 44.66 1.038 0.155 1.297 
323.15 1014.7 402 0.0482 0.1934 118 44.57 1.026 0.160 1.298 
333.15 1011.5 403 0.0796 0.321 67 44.48 1.013 0.166 1.299 
TBA-TOTO 
T ρ Vm κ 104·Λm η ET(30) π* α β 
283.15 1010.2 459 0.001606 0.00737 2969 - - - - 
293.15 1004.1 462 0.00380 0.01756 1283 44.06 1.030 0.125 1.341 
298.15 1000.5 463 0.00555 0.0257 841 44.01 1.021 0.131 1.347 
303.15 996.9 465 0.00792 0.0368 575 43.97 1.011 0.136 1.352 
313.15 990.9 468 0.01496 0.0700 277 43.88 0.992 0.148 1.363 
323.15 986.6 470 0.0260 0.1223 142 43.78 0.973 0.159 1.374 
333.15 983.0 472 0.0417 0.1965 82 43.69 0.954 0.171 1.385 
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